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ABSTRACT
In an effort to increase fuel efficiency by reducing the weight of their automobiles, car manufacturers have
begun turning to new materials. The desire to use magnesium alloys instead of aluminum alloys for
transaxle castings has led to bearing housings which are dimensionally unstable. This thesis examines the
options available for maintaining the setting of tapered roller bearings in dimensionally unstable transaxle
housings. Research for this thesis was conducted at The Timken Company's Research facility in Canton,
Ohio. The goal of this thesis was to make a recommendation for product development.
After researching the feasibility of both adjustable bearing systems and fixed-float bearing systems utilizing
Timken's bidirectional tapered roller bearing, the Unit Bearing, further investigation of the Unit Bearing
solution is recommended. Because the Unit Bearing is capable of withstanding transient loads equal to the
maximum load in a transaxle application, it is worth pursuing as a long-term solution to the problem of
tapered roller bearing setting in dimensionally unstable housings.
Thesis Supervisor: Samir Nayfeh
Title: Professor of Mechanical Engineering
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Chapter 1 - Introduction
1.1 Problem Statement
In order to reduce weight and boost the fuel economy of their cars, car manufacturers are seeking lighter
materials for automobile parts. In this vein, certain car manufacturers have expressed the desire to
manufacture transaxle housings out of magnesium alloys. Magnesium is desired over the more typical
aluminum because of a weight reduction of about 35% in the casting of the transaxle housing.' However,
magnesium does not exhibit the dimensional stability of aluminum. Over the life of the vehicle, the forces
on the transaxle will cause it to distort by an amount significant to the setting of a pair of tapered roller
bearings.
This thesis explores the options available for ensuring the proper setting of tapered roller bearings in
dimensionally unstable housings with the goal of making a recommendation for a product to be developed.
A particular transaxle, the Volkswagen MQ-200 five speed manual transaxle shown in Figure 1.1, was the
Cylindrical
Bearings
Input Shaft
Ball Bearings -
Figure 1.1: Cut-away illustration of the Volkswagen MQ-200 Magnesium Transaxle
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motivation for this line of research and was taken as an example to explore the particular service conditions
of transaxle applications. As is shown in Figure 1.1, the MQ-200 transaxle was originally designed with
deep-groove ball bearings on both the input and intermediate shafts. In this configuration, ball bearings are
used opposite cylindrical bearings in a fixed-float configuration.
Possible tapered-roller-bearing solutions have been divided into two categories: fixed-float bearing systems
and adjustable bearing systems. After an investigation of the feasibility of adjustable bearing systems, a
bidirectional tapered roller bearing was selected for testing in a fixed-float bearing configuration nearly
functionally identical to the ball bearing design shown in Figure 1.1. Preliminary tests suggest that this
bearing should be investigated for application in transaxles carrying moderate engine loads.
1.2 Background
1.2.1 Advantages and Disadvantages of Tapered Roller Bearings
Size and Weight of Tapered Roller Bearings
Tapered roller bearings are desirable in automotive transaxles because of their high load carrying capacity
for a given size. High load carrying capacity means smaller bearing sizes and, consequently, reduced
system weight and size. This reduction in weight and size moves the magnesium transaxle design further
along the road of weight reduction. In addition, tapered roller bearings offer increased debris resistance
over ball bearings and consequently increased reliability.
Bearing Setting
Because standard tapered roller bearings only support axial loads in one direction, a pair of tapered roller
bearings is used to constrain a shaft. In this configuration, each of the bearings supports axial loads in one
direction. The constraint of the axial motion of the shaft depends on the relative axial location of the
bearings in the housing. The spacing of the bearings in the housing relative to the shaft is termed "bearing
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setting." If the bearings are positioned in the housing so that there is an axial pressure on the bearings'
when the system is not loaded, the bearings system is said to be set-up in a preload condition. Similarly, if
there is clearance for axial motion of the shaft when it is unloaded, the bearing system is said to be set up in
an endplay condition.
(a) Internal Clearance (b) Zero Clearance
(c) Some Preload (d) Preload
Figure 1.2: Examples of typical load zones of tapered roller bearings. The arrow
represent qualitative roller loads.
The load zone, or distribution of load among the rollers in the bearing, is in part determined by the bearing
setting as shown in Figure 1.22. Excessive endplay results in a small load zone, concentrating the borne
load on a small subset of rollers in the bearing. Decreasing the clearance in the bearing housing to the point
where there is a preload force on the bearings increases the load zone as shown in 1.2c. However, in such
cases the bearings are always carrying the preload forces in addition to the application loads. Excessive
preload leads to premature failure of the bearings. A general rule for transaxle applications is that there is a
trade off between system stiffness and bearing rolling torque as bearing setting is adjusted. In practice,
there is a desirable range of bearing settings for a given application.
Bearing setting is also affected by movement of the bearings relative to each other over the life of the
system. This relative movement can be caused by a number of factors. Often, as with an aluminum or
magnesium transaxle, bearing housings are not made of the same material as the shafts which the bearings
9
support. This can result in differential thermal expansion which makes the bearing setting temperature
dependent. Because the coefficient of thermal expansion for aluminum or magnesium is almost twice that
of steel, the endplay in bearing systems with aluminum housings tends to increase with temperature. While
there do exist bearings which include polymer components to compensate for this differential thermal
expansion (for a detailed discussion see Chapter 2, Section 4), most transaxle designs rely on the fact that
there is a range of acceptable bearing settings with which the transaxle will perform adequately. By
ensuring that the change in bearing setting with normal temperature variation does not exceed this
acceptable setting range, a transaxle can be designed which will withstand these thermal variations.
Additionally, the housing in which the bearings are mounted may not be dimensionally stable and may
permanently change shape over time. This is the case with the magnesium housing. During the typical
load cycle of a transaxle, bidirectional loading of the shafts causes an elongation of the housing. This
dimensional instability is addressed in this thesis.
Transaxle Assembly
There is another aspect of bearing setting which is addressed by the idea of an adjustable bearing system:
bearing setting during manufacture. Because bearing setting involves positioning the bearings relative to
each other with great precision, it is often the case that a stack-up of dimensional tolerances on the
components that comprise the bearing housing will make bearing setting something of a trial-and-error
process. Either some provision must be made in the design of the bearing housing for adjusting the bearing
setting after assembly or, commonly, the system is assembled, the bearing setting is measured and adjusted
if necessary by disassembling the housing and adding shims to adjust the relative position of the bearings.3
There are a number of available methods for setting tapered roller bearings during manufacture. For
systems set-up in preload, often, the bearing rolling torque is measured and the preload is estimated using
an established relationship of rolling torque and bearing preload.4 In automotive transaxles, which are
generally set-up in an endplay condition, it is common to measure the axial shake of the shaft directly when
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the system is unloaded. If the measured endplay is not within the range of acceptable endplay, the
transaxle is partially disassembled and shims are added to bring the endplay with the specification limits.
An adjustable bearing system could, in theory, remove this manufacturing step. Rather than positioning the
bearings precisely during manufacture, an adjustable bearing system might be capable of finding its own
position in the bearing housing. This additional advantage makes the adjustable bearing system attractive
from a research perspective.
1.2.2 Bearing Loads in Transaxle Applications
Loads on the bearings in transaxle housings are both radial and axial. The radial loads come from the
tangential and separational forces acting on the gear teeth where the gears mesh. These forces would be
purely radial forces if the gears used in transaxles were spur gears. Thrust forces result from the use of
helical gears in the transaxle. For a given transmitted torque, a helical gear produces a thrust force
WT = Wtan'1'. (1.1)
Where WT is the axial thrust load, W' is the transmitted load, and T is the helix angle (see Figure 1.4). This
equation determines the magnitude of the thrust force. The hand of the gears, the direction in which the
load is applied, and the direction of rotation determine the direction of the thrust force.
Figure 1.3: Diagram Showing the Helix Angle of a Helical Gear
Given sufficient information about the positions and attributes of the gears in a transaxle, the forces on the
bearings can be calculated using a three-dimensional balance of forces and moments.
Because the handedness of the gears does not change, the only factors that affect the direction of the thrust
forces while the transaxle is in service are the direction of rotation and the direction in which the load is
11
(A) (B)
Figure 1.4: (A) shows a tapered roller bearing assembly set line-to-line or in
preload. (B) shows a tapered roller bearing assembly with excessive
endplay.
applied. The majority of the life of a car is spent in forward motion with the engine driving the wheels. If
the thrust forces that result from this condition are termed "positive," it can be shown that there are two
conditions which will produce "negative" thrust forces. The first of these is engine braking. While there is
not a change in the direction of rotation of the shafts, the wheels are driving the engine. Because the
direction in which force is being transmitted has been reversed, the thrust loads on both shafts is
"negative." The second condition to produce "negative" thrust forces is reverse gear driving. In this
condition, the engine is still driving the wheels. However, the direction of rotation of the intermediate shaft
has changed. This means that the thrust forces on the intermediate shaft bearings will be "negative." The
conditions which produce "negative" thrust loads are uncommon in the average life cycle of an automobile.
Consequently, there is an inherent asymmetry in transaxle thrust loads.
1.3 Solution Options
There are two broad categories of design solutions for the tapered roller bearing setting problem. Each will
be discussed in detail in the coming chapters. One category of design solutions involves adjusting the
relative position of the bearings in the housing to compensate for the change in shape of the housing. This
category of design solution will henceforth be referred to as adjustable bearing systems. The other category
of design solutions takes a different approach to the problem. Rather than relying on the relative position
of two bearings in a housing to constrain the shaft, one bearing position supports thrust loads in both
directions. In this configuration, the bearing opposite to the bearing that supports thrust loads is a
cylindrical bearing which supports only radial loads. In this configuration, the shaft is fixed in position by
12
one bearing. There is no bearing setting to be upset by housing distortion. Solutions of this variety will
henceforth be termed fixed-float bearing systems.
1.3.1 Fixed-Float Bearing Systems
Description of Fixed-Float System Attributes
Fixed-float bearing systems are common when a bearing that is capable of supporting thrust loads in two
directions is used. Rather than over constrain the shaft, the bidirectional bearing supports thrust loads in
both directions and is used opposite a cylindrical bearing. Because the cylindrical bearing supports only
radial loads, the shaft is free to move axially through the bearing. Consequently, the axial position of the
shaft is determined only by the bidirectional bearing. An example of a fixed-float bearing configuration
utilizing a deep-groove ball bearing is shown in Figure 1.5.
Figure 1.5: Diagram of a fixed-float bearing configuration. The ball bearing (left) is
used to constrain the shaft axially. On the right, the shaft is free to slide
axially through the cylindrical bearing.
Typical tapered roller bearings are not suited to fixed-float bearing configurations because of their inability
to support thrust loads in both directions. However, there are bidirectional tapered roller bearings such as
that pictured in Figure 1.6 which do support thrust loads in both directions. As can be seen in Figure 1.6,
the addition of a rib ring on the large end of the bearing cup allows this tapered roller bearing design to
support thrust loads in both directions. In one thrust direction, the bearing behaves almost identically to a
standard tapered roller bearing. Thrust forces are transmitted through the races, pinching the rollers
between the cup and cone. This thrust direction is referred to as the major direction. In the opposite
direction, the large and small rib support thrust forces with the roller wedged in between the two ribs. This
thrust direction is referred to as the minor direction.
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Advantages and Disadvantages of Fixed-Float Designs
Bearing systems of this design are of low complexity and of low cost. There is no need for any bearing
setting steps during the manufacture of the bearing system. However, as far as tapered roller bearings are
concerned, fixed-float bearing systems are only possible with special bearing designs. Currently the only
single-row bidirectional tapered roller bearing, the Unit Bearing, has an inherent asymmetry as part of its
design. Instead of having two standard tapered roller bearings, each of which supports thrust loads through
Rib Ring 
Cone
Cup
Figure 1.6: Drawing of a Timken Unit-Bearing Bidirectional Tapered Roller
Bearing
the line contact of the rollers with the races, bidirectional tapered roller bearings support thrust loads in the
minor direction through small contact patches on the roller ends. This results in different thrust load ratings
in the major and minor directions. Asymmetric thrust load capacity happens to match up favorably with
transaxle loading conditions. If the bidirectional bearing is placed in the proper position in the transaxle, it
will be required to support thrust loads in the major direction for the majority of its service life. The load
carrying capacity in the minor direction would then ideally be less than the major direction, which is the
case with the Unit Bearing. However, for applications where the thrust load duty cycle in minor direction
is of the same order of magnitude as the duty cycle for the major direction, the Unit Bearing may not be an
appropriate solution.
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Incidentally, deep-groove ball bearings do not have an inherent asymmetry. However, in both thrust
directions, a ball bearings supports thrust and radial loads through a relatively small contact patch between
the ball and the races.
1.3.2 Adjustable Bearing Systems
Description of Adjustable Bearing System Attributes
If a system of standard tapered roller bearings were to be used in a dimensionally unstable housing, it
would be necessary to maintain the relative distance between the two bearings despite changes in housing
shape. In theory, this could be accomplished by adjusting the position of the bearings relative to the
housing so that over the life of the transaxle the distance between the bearings remains unchanged. This
could be accomplished by either changing the shape of the bearing housing in some manner to counteract
distortions or by physically moving the bearings in the housing. The system could be either closed-loop,
measuring the endplay of the bearing system and making changes accordingly, or open-loop, making
adjustments based on a model of housing deformation. However it functions, the goal of the adjustable
device is not necessarily to compensate for high frequency, temporary changes in housing dimension such
as differential thermal expansion, but to compensate for the low frequency, monotonic distortions
associated with unstable bearing housings.
There are performance expectations to be met. No intervention on the part of the vehicle operator or even
by the vehicle mechanic can be required. It is undesirable to all auto manufacturers to require any more
planned maintenance than is necessary. The device also cannot contain a large number of parts or parts that
will be difficult to assemble. A large part count would disqualify the device because of cost pressures.
Adjustable Bearing Systems Advantages and Disadvantages
Because of the complexity inherent in fulfilling all of the other functional requirements listed above, it is
easy to imagine that keeping costs low may be an impossible task. However, for systems requiring large
load carrying capacity in both thrust directions, a device like the one described above would allow
traditional tapered roller bearing systems to be placed in unstable housings. For applications where space is
15
at a great premium, the extra cost of an adjustable bearing system may be accepted if it maintained the
advantages of tapered roller bearings.
1Ashby, Michael, Jones, David, Engineering Materials I, Second Edition, Butterworth-Heinemann, Oxford, England,
1996, p.5 5 .
2 Martin, Berthold, Hill, Harold, Design and Selection Factorsfor Automatic Transaxle Tapered Roller Bearings, SAE
Special Publications Transmission and Driveline Symposium: Components, Gears, and CAE International Congress
and Exposition, Detroit, MI, February 24-28, 1992. SAE #920609, p. 15.
3 Cornish, Robert, Acro-Set: A New Method for Installation of Tapered Roller Bearings with Accurate End-Play
Setting, SAE Earthmoving Industry Conference, Peoria, IL, April 5-6, 1966. SAE #660225, p. 1.
4 Cameron, R.W., Jenkins, A.J., Design Parametersfor Automated Bearing Setting, SAE Symposium Combined
National Farm, Construction & Industrial Machinery, and Powerplant Meetings, Milwaukee, WI, September 14-17,
1970. SAE #700730, p 7.
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Chapter 2 - Adjustable Bearing Systems
2.1 Description of Adjustable Bearing Systems
2.1.1 The Volkswagen MQ-200 Manual Transaxle
The Volkswagen MQ-200 transaxle (Figure 1.1) is designed with two primary shafts: the input shaft and
the intermediate shaft. Each shaft requires its own bearing system. An adjustable bearing system would be
functionally identical if designed for either shaft. The bearings on the shafts are usually set up with
anything from slight preload to a few thousandths of an inch of endplay.
For the MQ-200, the upper limit for endplay of the input shaft during manufacture is 0.007".' This endplay
is measured during the manufacture of the transaxle when the system is at room temperature and is
unloaded. These values were chosen so that the bearing system would function optimally under normal
operating conditions. As the temperature of the transaxle increases, the endplay of the bearing system also
increases due to the differential thermal expansion of the magnesium housing and the steel shafts.
Additionally, the loading of the shafts during operation will cause elastic deformations of the housing and
shafts affecting relative bearing position. The changes in housing shape due to these two phenomena result
in a set of two-dimensional functions, one for each gear ratio, which describe the ideal bearing separation
as a function of temperature and transmitted torque. These functions are unknown. Instead, only the
unloaded, room-temperature endplay is specified and the assumption is made that the bearing system is
robust enough to perform adequately under these varying conditions. Or, put differently, the assumption is
made that the variations in endplay are small compared to the bearing setting tolerances.
In a magnesium transaxle housing, the gradual increase in housing size will overtake the operational
tolerances of the bearing system before the other transaxle components have reached the end of their useful
lives. In order to restrict the scope of this project to a manageable size, only this gradual, monotonic
dimensional instability was considered in an adjustable bearing system. It is possible that a device to
compensate for housing deformation over time could be coupled with other adjustable bearing systems in
17
the future though options of this sort are not explored in this these. It is still conceivable though that an
adjustable bearing system could compensate for the tolerance stack-up of transaxle assembly.
2.2 Options for Adjustable Bearing Systems
2.2.1 Modifying the Housing
At first, it may seem plausible to modify the housing design to avoid the difficulties caused by housing
instability. This could be achieved by reinforcing the housing, or, more drastically, by modifying the
housing design to include some means for adjusting relative bearing positions. However, ball bearing
solutions exist for transaxle housings of this design. Because the housing design itself has inherent
advantages for other aspects of the car design, it is considered the job of the bearing manufacturer to solve
the bearing problems for these transaxle designs. Otherwise, the auto manufacturer is not willing to
consider a change to the bearing system.
2.2.2 Adjusting the Bearing Positions inside the Housing
Besides adjusting the bearing housing itself, the other option for adjusting the relative bearing positions in
the housing is to actuate one or both of the bearings in the housing. In this way, the bearings can be moved
in relation to the housing to compensate for changes in housing shape. This could be achieved by placing
some mechanism which would be responsible for bearing positioning in the housing in addition to the
bearing or by incorporating this adjustment device into the bearing itself. In either case, a new
functionality must be added to the bearing design.
2.3 Functional Requirements of an Adjustable Bearing
Mechanism
2.3.1 Sensing When Bearings Are Not Properly Set
However the device is designed it must have some means of determining whether or not the position of the
bearings need to be adjusted. This could be accomplished explicitly, by somehow sensing when the
endplay of the bearing assembly approaches the operational limit for the bearings, or implicitly, by
modeling the expansion of the transaxle housing over its life and actuating the bearings according to the
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predictions of this model. The difference between these two approaches is essentially the difference
between an open loop and a closed loop system.
2.3.2 Discriminating Between Temporary and Permanent Housing
Deformation
As was mentioned above, because the transaxle housings and the shafts are made of different materials, the
relative sizes of the components of the transaxle change with temperature. Because this phenomenon is not
permanent or even monotonic but is instead cyclic in nature, an adjustable bearing system that is not
bidirectional in nature should not attempt to correct for these high frequency changes in dimension. If a
transaxle being used in a cold climate was for some reason to overheat during use, an adjustable system
could take up the additional endplay created by the elevated temperature. When the transaxle cooled down
there would be a possibility for excessive preload. Excessive preload would contribute to bearing failure.
At first it appears that a mechanism could be constructed so that if it were to overcompensate for bearing
endplay and apply excessive preload to the bearings, it would be able to give a little ground and relieve the
pressure on the bearings. The difficulty with this strategy is that the mechanism must support the thrust
force that the bearing supports. During the operation of the transaxle, the transitory forces on the
mechanism may be greater than the force of an excessive preload. If the mechanism is constructed to give
ground under the force exerted by excessive preload, it may also give ground under the force of the
transaxle loading. If the mechanism were to give ground in this situation, excessive endplay could result
when bearing setting is most crucial.
A similar difficulty arises due to the forces exerted on the bearings, and consequently the housing, during
the operation of the transaxle. If a mechanism took up the endplay resulting from transaxle forces
elastically deforming the housing and bearing system, excess preload could again result.
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2.3.3 Actuating One or both of the Bearings in the Assembly
Once it is appropriate to adjust the position of the bearings, the mechanism must have some provision for
actuating either one or both of the bearings in the system. There are a number of means to accomplish this.
Power could be taken from the transmission shafts or stored in some sort of energy storage device. Power
could also be supplied from an outside source such as the starter motor.
2.3.4 Space Limitations of Adjustable Mechanisms
Because of the number of complicated mechanisms in a manual transaxle, there is no room for a large
complicated adjustment mechanism. Because the bearing designer cannot be certain how the transaxle will
be designed, the only space guaranteed available to the bearing designer is that space directly around the
bearing itself. This requirement greatly restricts the design options available.
2.3.5 Cost and Complexity
Because this device is intended for use in the automotive industry, any cost added to the product or any
complexity added to the manufacturing process is a serious detriment. Fewer parts used in a mechanism
means less complexity, relative ease of assembly, and greater reliability. Hopefully, it also implies lower
cost.
2.3.6 Transaxle Performance and Reliability
Of paramount concern to the automobile manufacturer is maintaining the reliability of the transaxle by not
adding complicated adjustment mechanisms. One of the reasons for converting to tapered roller bearings in
the first place is the promise of increased reliability. If the perception of reliability is hampered by a
complicated adjustment system, there is little chance of an adjustable system being used in place of a
bidirectional ball bearing system.
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2.4 Timken's Thermal Compensating Bearing: A
Benchmark for Cost and Complexity
2.4.1 Product Description
As a benchmark for complexity, Timken already manufactures a Thermal Compensating Bearing (TC
Bearing) shown in Figure 2. 1.2 This bearing incorporates a mechanism for compensating for the
differential thermal expansion of aluminum or magnesium housings and steel shafts. Because it is
commonly used in transaxle applications, the thermal compensating bearing must satisfy a set of functional
requirements that are very similar to the functional requirements for an adjustable bearing system. The
mechanism used to compensate for these temperature dependent changes is a polymer ring inserted behind
the bearing. This polymer ring expands a greater amount than either magnesium or aluminum for a given
change in temperature. The thermal expansion of the polymer ring is maximized by constraining it to
expand in only the axial direction. Thus by tuning the size of the polymer ring to a given application,
differential thermal expansion of the housing and the bearing assembly is minimized.
ELASTOMERIC THERMAL
COMPENSATING RING
STEEL BACKING RING
Figure 2.1: Diagram of a typical Timken Thermal Compensating Bearing
In this application, determining that the bearings need to be adjusted is accomplished by constructing a
model of the differential thermal expansion of the bearing housing and the bearing shafts as a function of
temperature. Then, by ensuring that the polymer ring is at approximately the same temperature as the rest
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of the bearing system, the polymer ring is used as both a sensor and an actuator. There is no need for the
bearing system to distinguish between temporary and permanent deformation because there is no means for
the thermal compensating bearing to maintain a permanent bearing adjustment. The adjustable system, in
this case, derives the stiffness required to support bearing loads without significant deflection by trapping
the polymer ring and relying on its incompressibility. With no space available for the polymer to flow
into, the bearing loads are supported by the hydrostatic pressure in the polymer.
2.4.2 Evaluation of TC Bearing Use
The Thermal Compensating Bearing requires almost no extra space inside of the bearing housing and is
capable of performing both sensing and actuating functions with only one part! Despite this engineering
accomplishment, the Thermal Compensating bearing is not widely used for a couple of reasons.
Additional Cost
Additional costs are added to this product from a number of sources. First, there is an additional cost in
designing the bearing system. The polymer ring must be properly sized to expand appropriately as a
function of temperature. This means that the bearing must be specially designed for every housing.
However, this is a one-time cost. More significant is the increase in the price of the bearing itself. The
polymer ring is composed of DuPont VitonTM which adds cost to the bearing. In addition, the extra
machining steps required to make space for the polymer ring add cost to the product.
The Phenomenon of Cup Creep
In addition to added expense, the use of a compensating bearing requires that the transaxle be designed
with the bearings loosely fit into the housing. In general, bearings in are held in place in aluminum or
magnesium housings with a tight press fit to prevent the bearings from rotating in the housing - a
phenomenon known as cup creep. Excessive cup creep can wear away the housing around the bearing and
in time can contribute to bearing failure. In the case of the thermal compensating bearing, because the
position of the bearings in the housing is being continually adjusted, there is no way the bearings can be
press fit into the housing. Tests with the thermal compensating bearings have shown it to perform well in
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small automotive transmissions. In applications tests with large transmitted torques - as in heavy truck
applications - excessive cup creep has been a difficult obstacle to overcome.4
2.5. Possible Adjustable Mechanisms to Compensate
for Housing Distortion
2.5.1 Viscoelastic Solutions
One possible adjustable bearing system design is to use a spring acting against a viscoelastic material with
stiffness versus frequency characteristics such that bearing position is unaffected by transient transaxle
loading. However, while resisting all high-frequency motions, the steady pressure supplied by the spring
would move the bearings closer together with an extraordinarily small velocity. This steady motion would
be maintained as long as there is continuous force acting on the viscoelastic material. Once the bearings
were positioned such that a preload force equal to the force exerted by the adjusting spring was supported
in the bearings, the motion of the bearings would cease. A drawing of a simplified viscoelastic adjustable
Spring in_
Compression
Viscoelastic
Material
~--Bearing Loose
---^  Fit in Housing
Figure 2.2: Diagram of a possible viscoelastic adjustable bearing system.
bearing system is presented in Figure 2.2.
Difficulties with Viscoelastic Solutions
There are a number of difficulties with this arrangement however. Primarily, a material such as the one
described above may be hard to come by. In addition to creeping very slowly under a constant but
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moderate force, the material must be able to withstand the thrust loads carried by the bearing. It is possible
that a glue of some sort will be found which would be viscous enough to allow for very slow flow through
a small opening. However, the idea of assembling a device filled with glue into the guts of transaxle strikes
fear into the hearts of most automotive engineers. Additionally, generally the rate of creep of a material
tends to increase with temperature. Because the temperature in the transaxle increases significantly during
operation, the rate of adjustment would be greatest precisely when the ideal setting is unknown - during
transaxle operation. There is also the issue of assembling a device which contains a large compressed
spring.
2.5.2 Hydrodynamic Systems
There are examples in the literature of bearing systems which vary bearing preload during operation using
hydrodynamic systems.5 However, these systems generally rely on oil pressure generated by the rotation of
the shaft supported by the bearings. Because the loading in a transaxle tends to be greatest during a
standing start of an automobile, the load carrying capacity as a function of shaft speed for hydrodynamic
systems tends to be the inverse of what is required. Because there is no energy source to generate a force to
support bearing loads when the shaft is not turning, it is not possible to utilize a system of this sort in an
automotive transaxle without some means of storing pressurized fluid. Because of the complexity of this
sort of system these ideas were not pursued in depth.
2.5.4 Face Cam Mechanism Solutions
Because of the high loads that must be carried by any adjustable bearing setting device, mechanical devices
to actuate the bearings were suggested early in the process. The mechanical device most often suggested is
Figure 2.3: Schematic representation of the face cam mechanism.
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a face cam mechanism. This device consists of two rings with surface features such that as the two rings
are rotated against each other the axial height of the assembly increases or decreases - depending on the
direction of rotation (shown in Figure 2.3). This device functions as an exaggerated screw thread. The
hope is that a device like this could provide the small-scale adjustments required for bearing setting while
supplying a stiff backing for supporting bearing thrust loads. The difficulty with this design is finding a
means of actuating the face cam to adjust bearing setting. Therefore, investigation in this area focused on
means of actuation.
Direct Power Take-off from the Supported Shaft
The simplest idea for actuating the face cam mechanism is to use power from the transaxle shaft to actuate
the face cam mechanism. The envisioned process would work in the following manner: as the endplay in
the bearing system increases due to housing deformation there is a concurrent increase in radial runout of
the shaft. It can be demonstrated from roller bearing geometry that this increase in radial runout is related
to endplay by the equation,
y = x tan(a) (2.1)
Where ac is the half-included cup angle, x is the bearing endplay, and y is the radial runout (see Figure 2.4).
However, once the radial runout exceeds value a determined in advance by the dimensions of the
Bearing Cup
x
tana =
x
Figure 2.4: Diagram showing the relation of shaft endplay to shaft runout in a
tapered roller bearing system.
components involved, the shaft, when under load, would come into contact with the face cam mechanism
and could be made to turn one ring against the other.
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There are drawbacks to this scheme which are immediately apparent. First, while the input shaft spins in
only one direction, the intermediate shaft changes direction when the transaxle is used in reverse gear. This
means that a direct shaft power take off would not be applicable for intermediate shaft use. Secondly,
while the problems involved in ensuring that the shaft contacts the face cam mechanism may be
surmountable, it is not clear that the problems associated with achieving a controlled amount of adjustment
are surmountable. One of two scenarios could exist. Either the coefficient of friction between the shaft and
the face cam mechanism is not great enough to produce enough force to actuate the bearing and instead of
rotating the mechanism, begins to wear away metal from both components. Or, if the frictional contact
between the shaft and the face cam mechanism creates a force great enough, the possibility exists for over-
adjustment.
Thermal Ratchet Design
In order to address the difficulties associated with the direct power take-off, the thermal ratchet was
conceived. The underlying idea of this method of adjusting bearing setting is the simplification of the
actuator by splitting the bearing adjustment into finite steps. Previous design options considered allowed
for continuous adjustment of bearing setting. This discretization allows for actuator simplification in two
major areas: actuator repeatability and actuator response time and response duration.
By having the actuator work against a ratchet, the travel of the mechanism is determined by the ratchet and
not the actuator. As long as the actuator has a stroke larger than one ratchet step and not larger than two
ratchet steps, an actuator cycle will advance the mechanism by one ratchet step. In order for a mechanism
to adjust bearing setting without working against an unrealistic force, it is necessary to adjust a bearing's
position when it is unloaded or, at least, lightly loaded. This criteria for adjustment means that there is the
possibility for the bearing adjustment system to remove the endplay in the bearing assembly. Unless the
actuator has a controlled stroke, improper adjustment is a design concern. The ratchet is a simple way of
limiting the actuator stroke.
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The second actuator simplification allowed by discretizing the motion is design independence of actuator
rate. Several design options considered relied upon an actuator with a known velocity operating for a set
time. As long as the discretized actuator finishes a cycle before it encounters bearing loading, the cycle
with result in the device advancing by one step.
In the thermal ratchet system, the feedback mechanism for excessive endplay is the same as in the scenario
of direct power take off. As endplay increases, the increased radial runout of the shaft causes it to rub
against a ring that has a predetermined amount of clearance around the shaft. However, rather than using
the shaft motion to actuate the device directly, the sliding contact of the shaft and the ring results in the ring
rising in temperature. This rise in temperature would then be used to trigger the actuator in the face cam
mechanism.
Because this particular scheme was found to be the most promising adjustable mechanism from the point of
view of achieving the functional goals of the project it was explored in some detail. Options for actuating
the mechanism were explored. See Appendix A for details relating to the design of the thermal cycling
ratchet.
2.6 Selecting Adjustable Bearing Concepts
2.6.1 The Elimination of Open Loop Adjustable Bearing Systems
One option for reducing the complexity of an adjustable bearing system is to remove the need to sense
improper bearing setting. Instead of responding to changes in bearing setting, an adjustable bearing device
could actuate the bearings according to a model of housing deformation. However, because the service life
of a transaxle is highly variable, no fixed model will adequately describe the changes in housing dimension
with time. Using this argument, all designs of an open-loop nature were eliminated from consideration.
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2.6.2 Cup Creep Concerns
One of the arguments in favor of adjustable bearing systems over a fixed-float bearing configuration is that
the dual tapered roller bearing scheme would have a much higher load carrying capacity for a given bearing
size. However, because of cup creep concerns, it is not clear that the full load carrying capacity of the
bearings could be utilized without a pressfit in the bearing housing. The problem of cup creep is
exacerbated by small cups and cones which provide a smaller diameter to resist any rotating torque. That
is, given two bearing systems which are identical save for the outer diameter of the bearings in question,
the bearing system with the small outer diameter will be the first to exhibit cup creep.
2.6.3 Complexity of Adjustable Systems v. Fixed Float Systems
While the adjustable bearing systems are feasible in theory, in practice they are very complicated devices.
Compared to the thermal compensating bearing, only the viscoelastic mechanism seems on the same order
of complexity. However, with current materials, these designs do not seem possible. And even if there is a
material that is found to make the viscoelastic solution possible, it is not guaranteed that a bearing
incorporating this material will be inexpensive enough to compete with a fixed-float bearing configuration.
The only drawback of fixed-float configurations is their unproven reliability. If this hurdle could be
overcome, the fixed-float systems would have all of the positive attributes of the adjustable bearing systems
as well as a couple of improvements. In the fixed-float case, there is no need to worry about bearing
setting. Even if this manufacturing step were to be taken out of production by an adjustable bearing
system, it is just one more place for the bearing system to fail. In addition, because no adjustment is
required, the bidirectional bearings can be press fit into the housing to prevent cup creep.
The first step toward demonstrating the reliability of the Unit Bearing under transaxle loading conditions
appeared to be an analysis of the effects of transaxle loads on the bearing components. However, due to the
complicated geometry of the Unit Bearing, an analysis of sufficient detail to make load capacity
recommendations in the minor thrust direction is a monumental undertaking. In the words of two Timken
design engineers
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The thrust capacity of the unit-bearing in the minor direction, when the roller ends are
seated against the cone rib and cup rib ring, is dependent on so many variables - finish,
lateral, lubricant viscosity, speed, and the like that only exhaustive laboratory and field
testing will eventually give meaningful answers.6
It is not certain whether or not the Unit Bearing will perform adequately in transaxle applications.
However, until the Unit Bearing is proven not to work, it is the most promising and parsimonious solution
to the setting problems posed to tapered roller bearing designs in dimensionally unstable housings.
' Personal Communication with Mircea Gradu, The Timken Company, September 10, 1998
2 Dickerhoff, Ronald P., Hill, Harold E., Kreider, Gary E., Thermal Compensating Tapered Roller Bearing
for Enhancement of Transmission and Transaxle Performance, SAE International Congress and
Exposition, Detroit, MI, February 25 - March 1, 1991. SAE #910799, p. 2.
3 Berthold, Martin, Hill, Harold, Design and Selection Factors for Automatic Transaxle Tapered Roller
Bearings, SAE Special Publications Transmission and Driveline Symposium: Components, Gears, and
CAE International Congress and Exposition, Detroit, MI, February 24-28, 1992, p. 14.
4 Personal Communication with Ronald Dickerhoff, The Timken Company, August 28, 1998
5 Reference U.S. Patent #4,676,667, Variable Preload Shaft Bearing For Turbocharger, Komatsu, Hiroshi,
Yamane, Ken, 1987.
6 Williams, R.L., McKelvey, R.E., A New Type ofBearingfor Passenger Car Flanged Axles, SAE
Automotive Engineering Congress, Detroit, MI, January 12-16, 1970, p. 7.
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Chapter 3 - Fixed-Float Bearing Designs
3.1 Timken's Bidirectional Bearing - The Unit Bearing
3.1.1 Background
Timken's bidirectional tapered roller bearing, named the Unit Bearing, has been used primarily as a wheel
bearing in automotive applications. The automotive wheel bearing application is characterized by
relatively low loads, low speeds, and excellent lubrication. The Unit Bearing has been proven to perform
well in this environment. While there have been attempts to put the Unit Bearing into other applications,
there is no detailed documentation of the results of attempts to use the Unit Bearing in transaxle
applications.
Attempts at the Timken Company to develop an analytical model of the Unit Bearing to predict its life
when loaded in the minor thrust direction have yielded models which provide guidelines only for load
carrying capacity of the Unit Bearing. Viability in each application, at this stage, must be tested.
3.1.2 Testing Goals
The purpose of the tests conducted on the Unit Bearing for this thesis was to determine whether further
consideration should be given to the Unit Bearing for transaxle applications. The Unit Bearing can be
situated in the transaxle so that it operates in the major thrust direction for the majority of its active life. It
is possible that the bearing's life in the minor direction will not be a limiting factor in transaxle life.
However, because loads in the minor thrust direction are carried by sliding contact instead of rolling
contact, there was concern that instead of failing over time, the Unit Bearing would burn up under typical
transaxle loading. The purpose of these tests was to subject Unit Bearings to simulated transaxle loading
under varying lubrication conditions to determine whether the Unit Bearing is capable of sustaining
transaxle loads.
Even given that the Unit Bearing is capable of surviving under typical transaxle loads, its place in the
transaxle is not ensured. There are many other concerns which must be taken into account. Some of these
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concerns are bearing noise, bearing endplay over its life, and cost. However, all of these are outside of the
scope of this research. The only recommendation made in this thesis is to investigate further the unit
bearing's performance in transaxle applications instead of adjustable bearing systems.
3.2 Test Setup
3.2.1 Transaxle Conditions to be Simulated
Determining Loading Scenarios to be Tested
There are two conditions under which the Unit Bearing will be required to carry thrust loading in the minor
direction in transaxle applications - reverse gear driving and engine braking. These two conditions have
different attributes. It was decided that in order to test the Unit Bearing in its most demanding application
both of these conditions should be tested.
Reverse gear driving is a low speed but very high load condition. The high load comes partially from the
high torques involved because of the low gear ratio. However, there is another contributing factor to the
large thrust loads. This factor is the lack of a second helical gear to help balance forces on the intermediate
shaft. Instead of having two thrust forces from helical gears which can be oriented to cancel each other, the
use of reverse gear replaces one of the helical gears on the shaft with a spur gear. Since the spur gear
produces no associated thrust force, there is nothing to balance the thrust force of the helical gear which
connects the intermediate shaft to the differential.
The other condition to be tested is engine braking. This condition is a high speed and low load condition.
The low load stipulation comes from the fact that the engine can only supply approximately 50% of its
maximum torque as a function of speed in the engine braking condition.' In order to vary the tested
conditions as much as possible it was decided to test reverse gear driving at 100% engine torque and engine
braking at maximum transaxle loading.
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Calculating Bearing Loads
In order to calculate the loads, both the radial and thrust components supported by each bearing in the
transaxle in each of the different gear configurations, an analysis tool developed by the Timken Company
named SYSx was used. This program calculates the forces at each of the bearing positions by performing a
three dimensional force and moment balance on each of the transaxle shafts. After entering the transaxle
geometry and materials properties, the torque transmitted through the transaxle can be specified and the
force at each bearing position as well as the forces at the gear interfaces is calculated. This information
was then used to design tests to evaluate the Unit Bearing.
There are four bearing positions on the input and intermediate shafts of the MQ-200 as each shaft has a
bearing on the clutch side of the transaxle and a bearing opposite the clutch. Because the Unit Bearing will
need to be situated so that it carries thrust loads in the major direction for the majority of its service life,
there are only two bearing locations that need to be considered.
Table 3.1: Tapered Roller Bearing Reaction Forces for 100% Engine Torque in the
Reverse Gear Condition
Bearing Loads for BEARING POSITION
Reverse Gie Input Shaft Input Shaft Inter. Shaft Inter. Shaft
Torque Opp. Clutch Clutch Side Opp. Clutch Clutch Side
Axial N -2990 2990 -3429 20369
Reaction (lbf) (-672) (672) (-771) (4579)
Radial N 10055 4735 13236 20369
Reaction (lbf) (2260) (1064) (2976) (6716)
The numbers in the above table come directly from a SYSx analysis of the MQ-200 transaxle when
equipped with four standard tapered roller bearings. The entire SYSx analysis is provided in Appendix D.
Positive axial loads indicate forces on the bearings in the direction of the clutch. Negative axial loads are
oriented in the opposite direction. Some component of all of the axial loads given in the table is due to the
fact that an applied radial load in a tapered roller bearing is resolved into both radial and thrust reactions
because of the tapered elements. This fact explains thrust loads on both tapered roller bearings on each
shaft. The loads shown above were calculated at an intermediate shaft speed of 1113 RPM, which
corresponds to the maximum engine torque.
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The number of test simulations was further limited by recognizing that in the reverse condition the loading
conditions on the intermediate shaft are more severe than the loading conditions of the input shaft. Table
3.2 illustrates that the trend of continues for engine braking conditions. The intermediate shaft clutch side
bearing is subject to the most severe minor thrust direction loading while supporting forward driving loads
in the major thrust direction.
As was already mentioned, the numbers given in the table are calculated with tapered roller bearings at
both bearing locations for each shaft. This would not be the case in a fixed-float bearing configuration. In
a fixed-float bearing configuration, there would be only one tapered bearing and one cylindrical bearing.
Because a tapered bearing couples a radial load to a thrust load and vice versa, the calculated bearing loads
for a fixed-float system would be slightly different. Because the cylindrical bearing would support only
radial loads without contributing any thrust load, the calculated loads for a fixed-float configuration should
be lower than the loads tabulated here. However, the loads given in the tables are of the correct order of
magnitude and for a go-no-go test should give a fair representation of the transaxle loading conditions that
would be experienced by a Unit Bearing. For the rest of this document, the conditions referred to as first
gear through fifth gear and reverse will be referring to the data collected in Tables 3.1 and 3.2 for the
bearing position on the intermediate shaft, clutch side. The Unit Bearing must be able to withstand these
loads and speeds in order to verify its performance in a transaxle.
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Table 3.2:Tapered Roller Bearing Reaction Forces for Engine Braking at 50% Maximum Engine
Torque for all Five Forward Gear Conditions
BEARING POSITION
Input Shaft Input Shaft Inter. Shaft Inter. Shaft
Opp. Clutch Clutch Side Opp. Clutch Clutch Side
Axial N -172 5280 -4467 12661
Reaction (lbf) (-39) (1187) (-1004) (2846)
Q Radial N 684 9849 21037 11550
Reaction (lbf) (153) (2214) (4729) (2597)
UQ Shaft RPM 3500 3500 1013 1013
Axial N -518 3460 -2064 4363
Reaction (lbf) (-116) (778) (-464) (981)
a. Radial N 2042 2783 9674 3795
Reaction (lbf) (459) (626) (2175) (853)
r"n Shaft
Spe RPM 3500 3500 1799 1799
Axial N -502 2451 -1472 2988
Reaction (lbf) (-113) (551) (-464) (672)
Radial N 1976 1765 6906 2503
Reaction (lbf) (444) (397) (1552) (563)
Shaft
*e RPM 3500 3500 2722 2722
Axial N -718 2428 -1309 2131
Reaction (lbf) (-161) (546) (-294) (479)
U Radial N 2803 497 6122 1247
Reaction (lbf) (630) (112) (1376) (280)
GQ Shaft
- RPM 3500 3500 3726 3726
Axial N -157 1728 -560 906
Reaction (lbf) (-35) (388) (-126) (204)
Q W Radial N 620 3300 2630 3346
5 Reaction (lbf) (139) (742) (591) (752)
* RM Shaft
Speed RPM 3500 3500 4920 4920
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3.2.2 Machine Description
In order to conduct these tests it was necessary to have a machine which could supply both radial and thrust
loads to a bearing or bearing system while varying shafts speeds between approximately 1000 and 5000
RPM. Timken had available two machines to consider for testing, the Torque Test machine and the 4-
Spindle Machine. After making a brief investigation into each, it was determined that the changes required
to add radial loading to the torque test machine made that option prohibitive from the perspective of startup
time. Instead, the 4-Spindle machine (4S Machine) was chosen.
The 4S Machine, equipped with a belt system to increase shaft speed, has the capability to apply loads in
two different directions at speeds up to 6000 RPM. Load is applied to bearing systems on the 4S machine
using two nine inch diameter air cylinders controlled using proportionairs. Spindle speed is controlled
using a variable speed AC electric motor.
Load Cylinders
Axial Load Cell
Radial Load 5hp AC Motor
Cell
Speed
ncreasing
D. .llI~
TorqueBearing Housing
Figure 3.1: 4S Machine Equipped for Pinion Gear Testing
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The 4S machine was also already instrumented to record the value of the applied loads, the spindle RPM,
the spindle torque, and four temperatures measured using thermocouples. Additionally, there was tooling
available for the 4S machine which was designed for a pinion gear bearing torque test which required both
radial and thrust loading and could be adapted to test the Unit Bearing. Because of the monetary savings
associated with not having to completely remanufacture tooling for the machine, it was decided to adapt the
pinion test tooling. A side-view diagram of the 4S Machine setup to test pinion gear bearings is shown in
Figure 3.1.
3.2.3 Unit Bearing Test Tooling Design
Bearing Housing and Shaft Design
The tooling available from the pinion gear test was designed to place radial and thrust loads on two sets of
pinion head and tail bearings. Because of the symmetry in the tooling setup, the loads on both sets of
bearings are identical. The necessary fittings for installing the tooling onto the machine base and adapting
the load cylinders to apply loads to the bearing system were already in place. There was also available a
circulating oil system which allowed for controlled flow rates of various oil types with controlled
temperatures.
In order to adapt the tooling for testing the Unit Bearing a number of changes were necessary. First, a new
shaft was designed to fit the bore of the Unit Bearing and the cylindrical tail bearing to be used in the tests
(NU 1006). Secondly, cup spacers were designed for both the Unit Bearing and the cylindrical bearing so
that the bearings would fit properly in the bearing housing which existed from the pinion gear test. A
spacer was also designed so that all of the seals and o-rings from the existing tooling could be used. The
detail drawings of the parts designed for this test are provided in Appendix B. Slight modifications had to
be made to the bearing housing to allow for thermocouples to be situated on the outside of the Unit Bearing
cup spacer.
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Circulating Oil Flow System
In order to lubricate the bearings, a circulating oil flow system was incorporated. A gravity-fed impeller
pump with a temperature controlled oil reservoir fed the bearing housing through a flow controlling needle
valve. Oil reservoir temperature was monitored and maintained using a closed-loop temperature control
system. With this system in place, oil could be delivered to the housing at temperatures which are
representative of normal transaxle operating conditions. The oil was delivered to the housing through
insulated piping to minimize temperature drop. However, for extremely low flow rates, the oil in the hoses
did not move quickly enough to maintain its temperature all the way to housing.
Oil Flow In
Oil Flow Out
Figure 3.2: Diagram of Oil Flow Paths through the Unit Bearing Test Housing
Oil was fed to the housing via two flow lines, supplying lubrication to both the Unit Bearings being tested
and the cylindrical bearings. Oil returned to the pump reservoir through three return lines. A diagram
showing oil flow is given in Figure 3.2.
3.2.4 Load Application
Load application was unmodified from the pinion gear test. One yoke was used to press axially on one of
the bearing housings. Attached to this thrust yoke were two pins which supported the radial load.
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Thrust Loading
Both Unit Bearings in this test setup fully support the externally applied thrust load. This is due to the
series arrangement of the bearings in the system. The situation is analogous to pressing on a stack of
bearings. Each bearing in the stack must support the applied force. Because the cylindrical bearings in the
test rig support no thrust load, all of the applied thrust load is supported by the Unit Bearings.
Thrust load is applied to the left half of the bearing housing. The left-hand Unit Bearing is pushed against
the shaft in the minor thrust direction. The shaft then presses on the right-hand Unit Bearing, also in the
Figure 3.3: Illustration of Axial Loading on Unit Bearings in Test Apparatus
minor thrust direction. The right-hand Unit Bearing is held in place by the right half of the bearing housing
which is fastened to ground.
It is important to note that the outer ring which connects the two halves of the bearing housing does not
carry any load. The inner diameter of the ring is slightly larger than the outer diameter of the bearing
housing. O-rings were used to make a seal between the components. Care was taken during the assembly
of the test rig to ensure that the outer ring was not cocked so that it would jam on the outer diameter of the
bearing housing and support some of the applied load.
Radial Loading
The situation with the applied radial load is not as simple. To begin with, because of the bilateral
symmetry of the test setup, there is an equal radial load applied to each half of the test setup.
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The radial load is applied to the left-half bearing housing in the middle of the two Unit Bearings.
Balancing the moments around the Unit Bearing gives the load carried by the cylindrical bearing. This
load is
Fi = Fapp-(A/B). (3.1)
Where Fapp is the force applied to the left bearing housing and Fez is the radial reaction force of the
cylindrical bearing. A force balance in the vertical direction gives the radial load on the Unit Bearing to be
F.nn= Fapp+Fey. (3.2)
Where Fn, is the radial reaction force of the Unit Bearing. It is important to note that while Fapp is drawn
in the middle of the two bearing housings, because of the arrangement of the load carrying yokes, the force
is actually applied to the left-half bearing housing at this location. Again, the loads on each unit bearing are
identical due to the symmetry of the test setup.
B 07 A -
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Figure 3.4: Illustration of Radial Loading of Unit Bearings in Test Apparatus
3.2.5 Speed Control
Speed measurement was made using a Hall Effect proximity sensor and a target wheel with 60 pulses per
revolution. The target wheel was attached to the bearing shaft after the pulley system so that bearing shaft
speed and not motor shaft speed was monitored directly.
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3.2.6 Thermocouple Temperature Sensors
In order to monitor bearing performance over the course of a test, thermocouples were used to determine
the temperature of the bearings. The test setup was originally designed to have thermocouples contacting
the outside of the Unit Bearing cup spacer through holes drilled in the bearing housing specifically for this
purpose. In practice, it was found that this arrangement placed too much thermal capacitance between the
bearing and the thermocouple so that sensor response was very slow. Half way through the tests
conducted, the thermocouples were moved to the Unit Bearing cup face to improve sensor performance.
This was accomplished by cutting a feature into the Unit Bearing cup spacer so that when the bearing was
assembled into this spacer, a thermocouple could be positioned on the front face of the bearing cup. The
lead from the thermocouple was then fed through a hole in the top of the center ring. In this configuration,
bearing temperatures were monitored with a much smaller time delay than the original setup.
Additional thermocouples were installed on the oil flow in and oil flow return lines. This addition made it
possible to determine whether the circulating oil system was functioning properly. Debris in the oil from
the testing process would tend to clog the flow control valve. When this happened, oil flow to the bearings
would cease and the oil flow lines would drop in temperature. With thermocouples on the flow lines, the
data acquisition system could monitor the temperature of the lines and temporarily halt the test should oil
flow cease.
3.2.7 Control System and Data Acquisition
The control system which is connected to the 4S machine as it is currently configured is capable of
recording eight channels of data and controlling three channels. The maximum sampling rate of the data
system is once every 20 seconds. This means that if the system is programmed to sample every 20 seconds,
all eight channels of data will be sampled in a multiplexing fashion every 20 seconds. The multiplexing
rate is significantly higher than the maximum sampling rate so that data from all eight channels can be
gathered at virtually the same time.
Because of the limitations of the acquisition system, any programmed machine cycle had to have segments
of no less than 20 seconds to ensure that machine data was recorded during every segment. This limiting
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factor contributes a great deal to the load cycles that were used to simulate transaxle loading - establishing
the minimum simulated cycle times for any transaxle condition.
The three controller channels were used to control the spindle speed, radial and thrust loads. Each channel
was controlled to minimize an error signal in a negative feedback loop using a PID controller. Because of
relatively large time lags between the sensors and the controller, system responses with characteristic rise
times of approximately 1 second were the norm.
3.3 Unit Bearing Testing
3.3.1 Initial Machine Trial
When the machine was first assembled it wasn't clear how well the Unit Bearings would perform. The
expectation that they would not survive under transaxle loading conditions was as valid as the assumption
that they would. Given this state of knowledge, a cautious approach of gradually increasing bearing loads
at low speeds with good lubrication was adopted before proceeding with full-on transaxle simulation. The
initial tests were performed at 1100 RPM. Bearing rolling torque was monitored as bearing axial loading
was gradually increased. A nominal radial load of approximately 50 lbf was used to eliminate any play
which may have been present in the test rig. This test gave a ballpark impression of the Unit Bearing's
behavior under transaxle loading conditions. The measured bearing temperatures increased modestly from
room temperature, approximately 75 'F, to 100 'F over the course of the four-minute test. The results of
this test are shown in Figure 3.5.
The values of rolling torque were calculated by first subtracting the steady-state running torque caused by
the friction of the rotating seals and then dividing the resulting torque by two, yielding the torque caused by
each bearing - assuming the two bearings have identical properties. The steady-state running torque was
found by fitting a third order polynomial to the data recovered from the test apparatus. The y-intercept of
the polynomial was taken as the steady-state rolling torque. Power dissipated was calculated as the product
of angular velocity and bearing torque
PdISS = 'Teff (3.3)
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Where the units of Q are radians per second and the units of Tff are Newton-meters. Teff is taken to be the
torque from each bearing as calculated above.
Running Torque v. Thrust Load at 1100 RPM
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Figure 3.5: Graph of Rolling Torque and Power Dissipated
Function of Thrust Load for Bearings #1 and #2.
per Unit Bearing as a
With some confidence that the bearings would not fail catastrophically under loads of a magnitude which
are typical of transaxle loading, it was decided to proceed with load cycles which would simulate transaxle
conditions.
3.3.2 Transaxle Loading Simulation
Oil Flow Rate
For the first round of tests, a minimum oil flow rate was desired. By unhooking the oil feed lines from the
bearing housing and allowing the pump output to flow into a graduated beaker, the minimum constant oil
flow rate for the pump was found. Flow rate fluctuation was determined by observing the time intervals
required to pump 50 ml of oil. In practice, through a series of trial and error steps, the minimum constant
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flow rate was found to be 0.97 ml/sec with a standard deviation of 0.1 ml/sec. This flow rate was found by
capping one of the two oil input lines and allowing the second input line to empty into a graduated beaker
situated at the same height as the bearing test apparatus. In this way, the oil flow rate delivered to the
bearings could be measured.
In order to ensure that the flow rate was constant, the oil temperature had to be constant so that the
viscosity of the oil would not fluctuate. It was decided to maintain the oil reservoir temperature at 160 F to
simulate typical transaxle operating conditions.
Bearing Run-In
In order to ensure that the bearings were performing in the most punishing conditions that might be
encountered in application, the bearings were not run-in before testing. As the test progressed, however,
some reduction in bearing rolling torque was seen which could probably be attributed to bearing run-in.
Transaxle Simulation Load and Speed Cycles
In order to ensure that the unit bearing was capable of performing at various load and speed combinations it
was decided to simulate reverse gear conditions at 100% maximum engine torque as well as all forward
gears in engine braking conditions at 50% maximum engine torque for the test cycle. Because the test rig
was only capable of turning the bearings in one direction, changes in the direction of shaft rotation were not
duplicated on the test rig. The goal of these tests was to operate the bearings at temperatures which are
typical of transaxle conditions and monitor the bearings for thermal runaway. It was not the purpose of
these tests to evaluate the ability of the bearings to perform under constant loads. Rather, because the
reverse thrust loads in a transaxle are transient in nature, transient loads were used for transaxle simulation.
A graph of a typical testing cycle is showing in Figure 3.6.
Initial trial runs of the machine setup revealed that the motor on the test rig was not capable of supplying
enough torque to simulate 100% engine torque in the reverse gear condition. Instead, the five forward gear
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conditions were simulated as desired, at 50% maximum engine torque, while reverse gear loading was
either not simulated or was simulated at approximately 50% maximum engine torque as indicated in the
comments for each test.
Load/Speed Conditions
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Figure 3.6: Plot showing shaft speed, radial load, and thrust
loading cycle.
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Each loading cycle would step through all five of the forward gear conditions. Depending on the
lubricating conditions, sometimes a dwell step would be placed between 2 nd gear and 1 t gear or between I"
gear and reverse. This dwell was in place to ensure that the conditions simulated were intermittent loading
while condensing the test cycle as much as possible. The dwell was varied based on whether or not the
bearing temperatures reached a maximum, plateau value or continued to increase in temperature.
3.4 Results
3.4.1 Summary of Tests Performed
In total, seven tests were conducted for this research. The tests are tabulated in Table 3.3. The purpose of
the first test was to gain knowledge about the behavior of the Unit Bearing test rig. While this test was
used to study bearing rolling torque, it was not used to evaluate Unit Bearing load carrying capacity.
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Table 3.3: Unit-Bearing Test Results
Test #1 UNIX Test Designation Test #1 Front #1 Rear #2
Oil Flow Conditions Shell Spirax, 80w/90, 1 ml/sec input flow rate, reservoir temp. not controlled
Comments Unit Bearings unknowingly not properly set in machine. Initial tests do not show
immediate burn up however. Temperatures rise though not catastrophically.
Preliminary torque readings taken. However, after -1 hr of run-in, bearings no
longer properly set, test rig begins to smoke convincingly, test shut down and
disassembled.
Test #2 UNIX Test Designation Test #1 Front #3 Rear #4
Oil Flow Conditions Shell Spirax, 80w/90, 1 ml/sec input flow rate, reservoir temp. not controlled
Comments Attempt to simulate reverse gear loading. Significant difficulty with motor
stalling. Motor not capable supplying enough torque to simulate 100% engine
torque, reverse gear loading conditions.
After spending some time familiarizing myself with motor characteristics,
_________________bearings were run at low load high speed conditions until they smoked.
Test #3 UNIX Test Designation Test #1 Front #5 Rear #6
Oil Flow Conditions Shell Spirax, 80w/90, 1 ml/sec input flow rate, reservoir temp. not controlled
Comments Loading Cycle Established. (5 ", 4", 3r, rest, 2", rest, l', rest) repeat 30 times.
Oil flow kept at minimum value. Computer control of loading fully implemented.
Roller ends are blue in color - indicating exposure to high heat.
Test #4 UNIX Test Designation Test #7 Front #7 Rear #8
Oil Flow Conditions Shell Spirax, 80w/90, Flow valve open % turn, reservoir temp. 160 F controlled
Comments Loading cycle - Five forward gears simulated, 25 sec each gear, 5 min. dwell
between cycles.
Despite difficulty with flow control valve clogging and choking off oil flow,
bearings survive unburned, no thermal runaway, and with no visible damage upon
removal.
Thermocouples installed on oil flow lines
Test #5 UNIX Test Designation Test #7 Front #9 Rear #10
Oil Flow Conditions SAE 90 gear oil, Flow valve open /2 turn, reservoir temp. 160 F controlled
Comments 4 hour cycle completed as in test #4, subsequent reverse gear simulation caused
bearing temperatures to rise with no observable damage. Detailed test data
available in DAC...
Test #6 UNIX Test Designation Test #7 Front #11 Rear #12
Oil Flow Conditions SAE 90 gear oil, Flow valve open 2 turn, reservoir temp. 160 F controlled
Comments Loading Cycle Established. (5t, 4, , rest, 2 , rest, 1", rest) repeat 30 times.
Oil flow kept at minimum value. Computer control of loading fully implemented.
Test #7 UNIX Test Designation Test #7 Front #13 Rear #14
Oil Flow Conditions SAE 90 gear oil, Flow valve open %/ turn, reservoir temp. 160 F controlled
Comments Torque study initiated. 50% engine torque 5*, 4 t, and 3rd gears.
However, cylindrical bearing fails invalidating test and postponing further tests.
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Minimum Oil Flow Tests
Both of the minimum oil flow rate tests (Tests #2 and #3) resulted in visible indications of bearing damage.
The lubricating oil was burned leaving a brown film on the bearing components. Additionally, roller ends
and roller races near the roller ends were blue in color - evidence of exposure to extreme heat. These
results were for load cycles which did not simulate reverse gear loading due to limitations on drive motor
torque. However, even with reverse gear loading, it was clear that the Unit Bearing would not survive in a
transaxle with poor lubrication.
Increased Oil Flow Tests
After increasing the oil flow to the bearings, much better results were achieved. In Test #4, the bearings
survived 30 loading cycles with no apparent damage. This result was achieved despite debris in the oil
occasionally clogging the flow regulating valve. This clogging resulted in intermittent oil supplied to the
bearings. Even with this difficulty, the bearings were removed from the test rig apparently unscathed.
In Test #5, the oil flow rate was decreased from the level of Test #4. Because the bearings again survived
undamaged, it is concluded that as long as there is sufficient oil in the bearings to prevent metal to metal
contact the bearings are capable of sustaining these loads without rapid failure. When there is no longer
enough oil in the bearings to maintain a lubricant film the bearings fail quickly. Reverse gear conditions at
50% maximum engine torque were also simulated in this test. While temperatures climbed to over 300 F,
the bearings again seemed unharmed. Repetition of these steps in Test #6 yielded the same results.
Test #7 was to be the beginning of a detailed rolling torque study. However, the failure of a cylindrical tail
bearing delayed that testing beyond the scope of this thesis.
3.5 Conclusions
The Unit Bearing shows a great deal of promise for application in automotive transaxles. In order to verify
completely its performance, further test will have to be conducted to better simulate transaxle conditions.
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Resistance to 100% engine torque in the reverse gear condition was not tested in this research due to
machine limitations and there are many factors remaining to be tested to qualify the Unit Bearing for
transaxle installation.
Based on the simplicity of the Unit Bearing solution, the elimination of the need to worry about tapered
roller bearing setting during transaxle manufacture or over the life of the transaxle and the apparent ability
of the Unit Bearing to withstand transaxle loading, it is the most promising solution to the problems of
setting tapered roller bearings in dimensionally unstable housings.
1Personal Communication, Jean Merckling, The Timken Company, August 31, 1998
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Appendix A - Detail Design of the Thermal Cycling Ratchet
A1. Overview
Because the possibility existed that the thermal cycling ratchet might provide a solution to the unstable
bearing housing problem and the problem of bearing setting during manufacture it was pursued as the most
feasible of the adjustable bearing systems. The details of the design as they were worked out are
documented here.
A1.1 General Mechanism for Adjusting Bearing Setting
In order to adjust the axial position of a bearing cup in a zero fit housing a device consisting of four
elements is proposed. These four elements are a steel or other metal ratchet, upper and lower face cam
ratchets, and a shape memory alloy (SMA) actuator. These elements are shown in Figure Al.
The metal ratchet is press fit into the hole in the bearing housing through which the shaft passes. There is a
bore in the center of the ratchet to allow the shaft to pass through. When the bearings are properly set there
is a gap between the shaft and the metal actuator. The face cam ratchets are stacked around the metal
ratchet. The upper face cam ratchet has an inner diameter shape that meshes with the metal ratchet to
prevent rotation relative to the housing. There is clearance between the lower face cam ratchet and the
housing and metal ratchet, allowing the lower face cam ratchet to rotate. Interposed between the lower face
cam ratchet and the metal ratchet and fixed to a radial position on the lower face cam ratchet is the SMA
actuator. The actuator may be designed as a SMA spring working against a bias spring or may be
embodied in some other form. The SMA actuator is designed to press against the metal ratchet to move the
lower face cam ratchet in one direction.
When the bearings are properly set, there is clearance between the shaft and the metal ratchet. As endplay
increases, the radial runout of the shaft increases. When enough runout exists for the shaft to contact the
metal ratchet, heat generated by the friction of the spinning contact activates the shape memory actuator.
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Metal Ratchet
Face Cam
- Mechanism
(A)
Upper Face Cam Shaft
Bearing Cup
Lower Face Cam
Ratchet
Metal Ratchet
+- _ Radial Gap
(B)
Figure Al: (A) Top View of Thermal Cycling Ratchet Mechanism with Bearing Cup
Removed for Clarity. (B) Cut-away side view of Thermal Cycling Ratchet.
Note that the actuator is not shown in either view.
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The actuator expands and advances the lower face cam ratchet one step. Upon cooling, the bias spring, or
similar implement, re-contracts the SMA actuator. The ratchet steps on the face cams prevent the face
cams from unwinding. By repetition of the process, the setting of the bearings is maintained.
A1.2 The Face Cam Ratchet Mechanism
(A)
| | 1 1 1| |
(B)
0.050"
0 0 3600
(C)
Figure A2: (A) Top View of the Face Cam Ratchet Showing the Inner Diameter
Shape of the Upper Ratchet. (B) Cut-away side view of the Upper and
Lower Ratchets (C) Graph Illustrating the Surface Profile of the Ratchets.
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The face cam ratchets serve multiple functions. The cams translate relative rotation of the two parts into
axial displacement. The ratchet steps on the cams allow the actuator to recompress without allowing the
pieces to rotate. Additionally, the ratchet steps discretize the actuator motion. Rather than continuously
adjusting the bearing setting, there is some hysteresis in the control loop which simplifies actuator design.
Figure A2 shows the two parts of the face cam ratchet mechanism.
The lower piece is the part that moves relative to the bearing housing. There is clearance between this part
and the housing and clearance between this part and the metal ratchet. The shape memory actuator is
attached to some radial position on the inner diameter. The upper piece has an inner-diameter shape which
meshes with the metal ratchet. This prevents the upper face cam ratchet from rotating in the event of cup
creep - rotation of the face cam ratchet due to frictional contact with a creeping cup could lead to
"unwinding" of the mechanism. On each of the two pieces, there are face cams which complement each
other. There will probably be more than one set of cams in concentric rings. By shifting the phase of the
concentric ratchet rings, the radial displacement between steps can be reduced. This allows some flexibility
in actuator design.
A1.3 The Shape Memory Alloy Actuator
There are a number of thermal actuators that might be used in a configuration of this sort. Possibilities
include bimetallics and shape memory alloys. A diagram of a Nitinol (a shape memory alloy) actuator is
shown in Figure A3. The actuator consists of two springs: a Nitinol spring and a steel 'bias spring'. The
bias spring is necessary because the shape memory alloys exhibit shape recovery in only one direction. In
other words, without the bias spring the Nitinol spring would not contract upon cooling. The temperature
of the austenite transition can be controlled within a range of about 650 C to 1200 C by varying the alloy
composition of the Nitinol spring.
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Low Temperatures
Below the austenite transition temperature of the Nitinol, the
steel spring has a stiffness large enough to compress the
Nitinol spring. The Nitinol spring will be compressed until
the force from the steel spring is equal to the force from the
Nitinol spring. In the diagram on the right, the Nitinol spring
is shown completely compressed.
Hiqh Temperatures
Above the austenite transition temperature of the Nitinol, the
Nitinol spring is stiff enough to elongate the steel spring.
Elongation occurs until the spring force of the Nitinol spring
is equal to the spring force of the steel spring.
Steel spring
in Tension
SMA spring fully
compressed
Steel Spring
in Tension
SMA Spring in
Compression
Figure A3: A possible embodiment for a shape memory alloy thermal actuator.
Designing with Bias Springs
-o
0
Austenite
Martensite
Elongation
Figure A4: Graph of Force versus Elongation for a Shape Memory Alloy Spring
working against a Steel Bias Spring.
The load-displacement characteristics of the biasing spring are superimposed upon that of the SMA in its
martensite and austenite phases. The intersection points of the biasing spring with the martensite and
austenite curves give the end positions of the actuator.' By varying the dimensions of the two springs it is
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possible to control the actuator extension for a given load. Because this application is not concerned with
actuator rate, these design parameters, along with actuator size, should fully define the actuator.
1Duerig, T.W., Melton, K.N., Stockel, D., Wayman, C.M., Engineering Aspects ofShape Memory Alloys
Butterworth-Heinemann, London, 1990. p. 198.
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Appendix B - Detail Tooling Design for the Unit Bearing Test Rig
UNIT BEARING
TEST SHAFT
(2) CYLINDRICAL (2) UNIT BEARING
BEARING CUP CUP SPACER
SPACER
(2) UNIT BEARING
(U298)
(2) CYLINDRICAL
BEARING
(NU 1006)
CONNECTION TO
MOTOR(2) CYLINDRICAL
BEARING CONE
SPACER CENTER RING
HOUSING
Figure B.: Drawing of Assembled Unit Bearing Test Rig. Unit Bearings are located near the center of the housing.
The cylindrical bearings are located near the left and right sides of the housing
55
INCH 1 2 3
2X .02 X 45" |
| X R .02
R
0.72
2X1.173-18UNS-3A
THREAD FOR "AFBMA
LOCKNUT # N-06
NOTES:
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HEAT TREATED ALLOY STEEL
HARDENED TO R/C 32-39
anwn SUPERSEDES
TIMKEN'e
THE TIMKEN COMPANY
CANTON, OHIO, U.S.A. s. 1
Figure B.2: Detail Design of the Unit Bearing Test Shaft
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Figure B.3: Diagram of the Unit Bearing Cup Spacer Used to Adapt the Pinion Gear Test Housing to Unit Bearing
Dimensions
NOTES:
1. ALL CORNERS TO BE BURR FREE.
2. MACHINED SURFACES TO BE 12s4 UNLESS
OTHERWISE SPECIFIED
3. TOLERANCES NOT SPECIFIED TO BE ±.01
MATERIAL: 4340 HEAT TREATED, ALLOY STEEL
HARDENED TO R/C 32-39
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THE TIMKEN COMPANY
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Figure B4: Diagram of the Spacer Used to Adapt the Outer Diameter of the Cylindrical Bearing to the Pinion Gear
Test Housing
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Figure B5: Diagram of the Adapter Designed to Adapt the Cylindrical Bearing to the Seals Used for the Pinion Gear
Test
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Appendix C - Testing Procedures
C1. Bearing Preparation
20 Unit Bearings were ordered from the Timken warehouse. The bearings were packed with a heavy
grease which was cleaned from the bearings using a high flash solvent automated cleaner. After being
cleaned, the bearings were dipped in Ferricoat 5856TM to inhibit oxidation. This is also the oil that Timken
uses to coat bearings which are not grease packed for shipping. The goal of this process was to mimic as
closely as possible the condition that a Unit Bearing would be in upon delivery for use in a transaxle.
The axial shake of the bearings was then measured by securing the cone of the bearing to a magnetic table
and measuring the axial movement of the cup using a dial indicator. This method of measuring the axial
shake provided a quick check of the published spec of 0.009" axial shake. All of the bearings ordered were
measured to be within 0.002" of this number. Given the crudeness of this method of measuring axial
shake, it is reasonable to assume that all of the bearings had axial clearance on the order of the published
spec.
C2. Assembly Instructions
1. Assemble Unit Bearings and thermocouples in unit bearing cup holders.
* Take note of the bearing number marked on the box before removing bearings. Because the
endplay of each bearing has already been measured it is important to keep track of which bearing
is which.
* U298 bearings should be zero fit in the cup spacers. Bearings should be pressed into the spacers
so that the rib ring is at the bottom of the spacer and the small end of the cone is facing up. Care
should be taken to make sure the bearings do not get cocked in the spacer while they are being
pressed in.
" Retaining rings can then be attached using four (4) 10-32 socket head cap screws. These retaining
rings should be used to hold the thermocouples in place on the face of the bearing cups. The
screws do not need to be over-tightened, but do need to be more than finger tight.
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* The thermocouple leads will need to be distinguished after the machine is assembled. This is
usually accomplished by tying a small knot in the lead from the front bearing (Opposite the motor
side or the side closest to the Baldwin Press).
2. Press the bearings, assembled in the cup holders, onto the shaft.
" Take note of which end of the shaft each bearing is being installed - note the bearing locations in
the lab notebook.
* Press the assemblies onto the shaft so that the small ends of the cones are facing each other and the
rib ring sides of the bearings are facing apart. Apply pressure on the large end of the cone to avoid
damaging the bearings.
3. Slide the inner races of the cylindrical bearing (NU 1006) onto the ends of the shaft
4. Insert the motor coupling end of the shaft into the fixed bearing housing which is bolted to the table.
" Be careful not to push the cylindrical bearing out of position during this process. It is important to
check that the cylindrical bearing outer race is in the correct position before completing assembly
of the shaft. Tightening the lock nuts will NOT put the outer race in the correct position.
* Before the shaft is fully inserted, the spacers, lock nuts and locking washer, and flexible coupling
must be on the end of the shaft. Once these pieces are in place the shaft can be fully inserted.
* The unit bearing cup spacer is a slip fit in the bearing housing and should be inserted by hand.
" When inserting the shaft, orient the unit bearing so that the thermocouple lead is pointing toward
the top of the housing.
5. Press center ring onto the fixed bearing housing
* Usually this step requires that the center ring be removed from the other bearing housing where it
remains after disassembly.
* This ring is a tight fit over the o-ring on the outside of the bearing housing. Usually, one side can
be fit over the o-ring and a plastic hammer can be used to push the other half onto the housing.
* Care must be taken to prevent cutting the o-ring during this process
* Once the center ring is in place the thermocouple wires should be fed through the top hole in the
center ring.
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e Washers (about 1/16 thick) should be placed between the center ring and the right-angle bracket
supporting the bearing housing so that the center ring is not pressed too far onto the housing.
6. Slide the second bearing housing onto the free end of the shaft.
" Again, be careful not to move the cylindrical bearing outer race out of position.
* Position the bearing so that the thermocouple wire is pointing upward.
" Slide the housing onto the unit bearing cup holder. Again, this should be a slip fit, however the
parts do not always assemble easily. As a last resort use a plastic or lead hammer to gently tap the
housing together.
* Do not attempt to press the housing into the center ring. If you could do it, I, for one, would be
impressed. But I doubt you can. We'll get to that in a minute.
7. Put the spacers, lock nuts, and lock washers onto the end of the shaft.
* At this point, don't tighten the lock nuts because the shaft is not yet in it's final assembled
position.
8. Attach the thrust load bracket to the bearing housing
* The thrust bracket and radial bracket must be assembled concurrently. This was discovered
through experience and isn't obvious at first. However, if you assemble the machine in a different
manner you will find that you cannot easily complete assembly. The radial bracket must be seated
on the thrust bracket pins that support radial load while the assembly takes place. The instructions
below are one way to accomplish this - they are probably not the only way. If you find a better
way, by all means, use it.
* Set the thrust load bracket on the horizontal supports for the thrust load air cylinder. Make
sure that the offset loading pin is to the left when viewing the machine from the front - so that
it lines up with the load cell.
* Turn on the air to the machine and retract the radial load cylinder.
NB - the controller for the machine will automatically turn off the air to the cylinder after a brief
interval. This means that you will have to work quickly. When the air turns off, the cylinder will
extend because of the weight of the load cell and radial bracket. There's little danger of getting
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your fingers pinched as the cylinder extends slowly with little force. However, things become
very awkward if you are not prepared.
" Loosen the Allen screws that lock the radial cylinder rotation.
" Position the radial cylinder on the pins on the thrust bracket which support radial load.
* With the two brackets assembled in this manner, move the thrust bracket into position. As
you move the thrust bracket the radial bracket will rotate. As the thrust bracket comes into
position for assembly, the radial bracket should be approximately vertical.
" Secure the thrust bracket using 1-1/4" long 3/8" socket head cap screws.
9. Position the thrust load cylinder
* Loosen the Allen screws that lock the rotation of the thrust cylinder
* Position the cylinder so that the thrust load application bar is aligned with the pin that it mates
with on the thrust load bracket.
* Unthread the thrust load application bar from the load cell until it has engaged the pin.
" Tighten the Allen screws that prevent rotation of the thrust cylinder.
10. Press the bearing housing into the center ring
* Turn on the air to the machine
* Extend the thrust load cylinder to apply load to the thrust bracket
* Gradually increase the load until the bearing housing slides into the center ring. This may require
force in excess of 500 lbs.
11. Tighten the lock nuts on the end of the shaft.
12. Replace the plumbing on the housings
e Reattach the #6 drain line to the center ring
* Insert the threaded #6 to #4 elbow, which is gold in color, in the top of the front-end bearing
housing so that the #4 feed line can be attached.
* Insert the threaded #6 to #6 elbow, which is silver in color, in the bottom of the front-end
bearing housing so that the #6 drain line can be attached. Note: this elbow has been machined
so that there is enough clearance to thread it into the housing.
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13. Reattach thermocouple plugs to bearing cup thermocouples
* Attach thermocouple wires to plugs so that the red wire corresponds to the thicker post.
" Note which thermocouple lead is attached to which bearing.
* The thermocouple from the front bearing should be connected to the thermocouple adapter in
the upper plug on the machine.
* The rear bearing thermocouple is attached to the second connector from the top.
" The thermocouples from the plumbing should not need to be disconnected or reconnected.
However, should they become detached, the thermocouple for oil flow in is attached to the
third connector down. Oil return is connected to the fourth connector down.
14. Replace the guards covering the shaft and flexible couplings.
C3. Data Acquisition System Operation
Running a test:
1. The bearing numbers to be tested must be entered into the Data Acquisition System (DAC). The DAC
refers to the HP-9000 UNIX station used to monitor all of the machines.
* From the main system menu select 'HOUSING STATUS'.
" Input the housing name - '4S-1-L'. Press the 'COMMIT' key on the upper right-hand side of the
keyboard (instead of return) to continue.
e From the 'HOUSING STATUS' menu select 'TRANSFER BEARINGS'. The computer should
think for a while before displaying a message confirming that the bearings have been transferred.
* The file on the bearings that were being tested is now closed. The bearing numbers to be tested
still need to be entered.
" Select 'STARTUP OPTIONS' from the 'HOUSING STATUS' menu.
e Select "VERIFY BEARINGS' from the 'STARTUP OPTIONS' menu. In the window that
appears use the 'RETURN' key to step through the various fields. Enter the bearing numbers into
their corresponding positions. The front spindle bearing number should correspond to the bearing
installed nearest the Baldwin Press. There are four bearing numbers. The first two, double-digit
numbers are the bearings being tested. The second two, triple-digit numbers are the bearing
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numbers followed by a zero. These numbers are updated so that oil flow temperatures are
recorded correctly. These numbers should always be updated so that they are the bearing numbers
being tested followed by a zero (for instance, bearing numbers 15 and 16 would be followed by
150 and 160).
2. The testing schedule now needs to be entered into the computer.
* From the main system menu select 'DEFINE MACHINE'.
" Input the machine name -'4S-1'. Press the 'COMMIT' key on the upper right-hand side of the
keyboard (instead of return) to continue.
* Select 'CYCLE DATA' from the 'DEFINE MACHINE' menu. This should bring up the cycle
editing window. The 'NEXT CIRCUIT' and 'PREV CIRCUIT' buttons can be used to move
between circuits 1,2, and 3. Circuit 1 controls the shaft speed. Circuit 2 controls the radial load.
Circuit 3 controls the thrust load. These labels should be visible on screen as you move from
circuit to circuit.
* First, input the times for the different stages of the test you would like to run.
" Select Circuit 1 and press the 'EDIT CYCLE' button.
* Press the 'CYCLE TIMING' button from the 'EDIT CYCLE' menu. A cursor should now
highlight a field on the left-hand side of the screen above. The cursor can be moved from
field to field using the 'RETURN' key. Changes to the values in a field are made by typing
over the current value. Be certain that there is at least one row with a run status of 'STOP'.
When you are done entering values press the 'COMMIT' key to return to the menus.
" Next, input the shaft speeds for the different sections of the cycle.
* Without exiting out of the 'EDIT CYCLE' menu, select 'CYCLE DATA' (or, at least I think
that is the name. I am certain that it is either the 2 "d or 3rd button from the left.) This should
bring up a cursor highlighting a field on the right half of the screen. Now you should be able
to input the shaft speeds for the various sections of the test.
* When you have finished inputting the shaft speed data press the 'COMMIT' key.
* Input the values for radial and thrust loads for each section of the test
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" Begin with the radial load, Circuit 2. Again, press 'EDIT CYCLE' and 'CYCLE DATA'.
The cycle timing will not have to be updated again after you have adjusted it in Circuit 1.
Input the values for radial load for each section of the test. Press the 'COMMIT' key when
finished.
" Repeat the above steps for thrust load.
" Because the controller thinks it is controlling a different test, it will double the value that you
input for thrust load. That is, if you put in a controller set point of 500 lbs. thrust load, the
load applied by the air cylinder at the machine will be 1000 lbs. This same load doubling also
happens for radial loads, however, there it is desired. Because the load is applied to both
halves of the test setup, each half supports the inputted load. The data sheets you are given
will specify the load values that you should input to the computer. Just be aware that the
applied loads displayed on the machine will be double what was inputted. Additionally, if
future tests are planned this quirk will have to be accounted for.
3. Initiate the Testing Cycle
" With the machine and bearings fully assembled and the bearing numbers and test loading cycle
entered into the computer the test can be initiated.
* Before initiating test startup make sure that the circulating oil temperature is 1600 F. Also double-
check the flow valve position. If oil flow rates are not great enough, the temperature of the oil
input line will drop below a safety limit which is stored in the DAC. If this lower limit is
exceeded, the test will be shut down. This should also prevent the running of the cycle with the oil
flow turned off.
* At the DAC, return to the main menu. Press the 'HOUSING STATUS' button.
" Input the housing name - '4S-1-L'. Press the 'COMMIT' key on the upper right-hand side of the
keyboard (instead of return) to continue.
* Start the shaft rotating. To avoid damage to the motor, lower limits for shaft speed were put in the
DAC. This way, if the torque load it is driving stalls the motor, the controller will stop the test
when it checks shaft speed. However, this safety places requirements on the test startup
procedures.
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* The motor shaft must be rotating at a rate greater than 50 RPM before the controller is started.
To accomplish this, go to the machine control panel and set load and speed controls to
manual. Activate the drive start button and adjust the motor speed manually. If shaft speeds
are kept reasonable there is no need to apply any load to the bearings. A reasonable shaft
speed is 1000 RPM.
" With the shaft rotating, return to the computer and press the 'START MACHINE' button.
The computer should think for a while before printing a message on the attached printer
stating that the housing has been restarted.
* When the computer has restarted the housing, return to the machine control panel and, in this
order, switch load to automatic control and then switch shaft speed to automatic control. At
this point the shaft speed should move to somewhere below the setpoint you have entered into
the computer. If you are restarting a test that has, for some reason, been interrupted, the
computer will not necessarily restart the test at the beginning of the load cycle.
4. Allow the test to run to completion
* If at this point the machine is still running the computer should be automatically adjusting shaft
speeds and applied loads. The data being acquired by the computer can be viewed by monitoring
the housing. To do this, return the DAC to the main menu. Press the 'MONITOR HOUSING'
button. Input the housing name - '4S-1-L'. Press the 'COMMIT' key on the upper right-hand side
of the keyboard to continue. A diagram should appear on the screen with the real-time data values
written on it. Incidentally, this diagram does not correspond in any way to the Unit Bearing test.
However, all of the data values being collected are shown on screen.
* Expect the controller to arrive at only approximate values for load and especially shaft speed. You
can confirm that the computer is operating properly if the general trends seem to jive with the
setpoints you entered. Do not expect the numbers to agree with great precision.
" The machine should run without problem on its own. You will want to check on it periodically to
make sure some limit overrun has not stopped the test. Beyond that it should be fine to run.
67
C3.1 Trouble Shooting the Data Acquisition System
Table C.l: Troubleshooting the Data Acquisition System
Problem Possible Solution
The controller has stopped the machine but the Start the machine manually - allow the motor to
computer believes the housing is still running. run at a comfortable pace.
This will be evidenced by the display on the
'HOUSING STATUS' screen. Press the 'ACTIVATE CHANNELS' button in
the 'HOUSING STATUS' menu. The computer
should go through some gibberish about activating
channels.
Cause the machine to stop by either thumping the
vibraswitch or slowing the motor to a stop.
Check to see that the computer now thinks the
housing is stopped.
Every time you direct the computer to start the First, change the test cycle so that there is only
machine it immediately turns oft the motor and one step in the cycle. For instance, perhaps it runs
says it has ended the program. for 3 mins before reaching a line that has a status
of 'STOP'
Try running the machine through this new cycle.
When the end of the abridged cycle is reached, re-
enter the cycle you intend to run and see if it'll go.
When you attempt to start the controller, the Either, a piece of debris is blocking the flow valve
machine is stopped and the printer reports that the and oil flow to the bearings has stopped or the oil
outer or inner sump temperature was below the line is not yet warm. This may mean that the oil
lower limit. temperature is not high enough or that the lines
have not yet had time to reach temperature.
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C4. Disassembly Instructions
1. There is no critical order to taking the machine apart. Simply loosen all the bolts and remove all the
hoses. Essentially, following the broad strokes of the assembly instructions in reverse order.
2. The bearings will have to be pressed off of the shaft.
3. The center ring will have to be removed from the unattached bearing housing.
4. Replace the bearings into their numbered boxes for future reference.
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Appendix D - Unit Bearing Test Data
D1. SYSx Transaxle Simulation Output
Table D1: Description of Power Path for Each Loading Condition
Node RPM Pow/Tor Type Tangential Separate Axial
N N N
Condition 1 N.M
11. -3500.0 200.0 2 13708.0 4874.9 -7151.2
30. 1013.0 691.0 2 13708.0 4874.9 7151.2
40. 1013.0 691.0 2 -31303.3 11484.6 -18623.5
47. -248.9 2812.8 2 -31303.3 11484.6 18623.5
Condition 2 N.M
17. -3500.0 200.0 2 9060.0 2894.6 -5883.6
33. 1799.9 388.9 2 9060.0 2894.6 5883.6
40. 1799.9 388.9 2 -17617.3 6463.4 -10481.2
47. -442.2 1583.0 2 -17617.3 6463.4 10481.2
Condition 3 N.M
19. -3500.0 200.0 2 7032.3 2154.4 -3898.1
35. 2722.3 257.1 2 7032.3 2154.4 3898.1
40. 2722.3 257.1 2 -11648.4 4273.6 -6930.1
47. -668.8 1046.7 2 -11648.4 4273.6 6930.1
Condition 4 N.M
22. -3500.0 200.0 2 5967.5 1843.0 -3420.4
38. 3725.7 187.9 2 5967.5 1843.0 3420.4
40. 3725.7 187.9 2 -8511.3 3122.6 -5063.7
47. -915.3 764.8 2 -8511.3 3122.6 5063.7
Condition 5 N.M
8. -3500.0 200.0 2 5265.9 1643.0 -3141.6
27. 4919.7 142.3 2 5265.9 1643.0 3141.6
40. 4919.7 142.3 2 -6445.5 2364.7 -3834.7
47. -1208.6 579.2 2 -6445.5 2364.7 3834.7
Condition 6 N.M
14. -3500.0 200.0 1 14285.7 3827.8 0.0
55. 1462.7 478.6 1 14285.7 3827.8 0.0
55. 1462.7 478.6 1 -14285.7 3827.8 0.0
31. -1113.6 628.6 1 -14285.7 3827.8 0.0
40. -1113.6 628.6 2 28474.4 10446.7 16940.5
47. 273.6 2558.6 2 28474.4 10446.7 -16940.5
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Table D2: SYSx Output for First Gear Simulation
CONDITION N* 1 % USE = 0.500
BEARING POSITION ANALYSIS
INPUT
OPP. CLUTCH
SOURCE
SERIES
CONE PART NUMBER
CUP PART NUMBER
BEARING TYPE
APEX DIRECTION
INPUT
CLUTCH
DATABASE DATABASE
32005X L44600
X32005X L44643
Y32005X L44610
TRB TRB
APEX LEFT APEX RIGHT
INTERM
OPP. CLUTC
DATABASE
30205
NP905672
Y30205
TRB
APEX LEFT
-- LOAD & DISPLACEMENT PARAMETERS --
AXIAL REACTION
RADIAL / Y PROJ.
RADIAL / Z PROJ.
RADIAL REACTION
MOMENT / Y PROJ.
N
N
N
N
N.M
FTETA / Y PROJ. N.M
MOMENT / Z PROJ. N.M
FTETA / Z PROJ. N.M
ANGLE OF REACTION DEG
MAX CUP NOMINAL LOAD N
MAX CONE NOM. LOAD N
MAX RIB NOM. LOAD N
CONE/ROLLER STRESS MPA
MAX CONE/ROLL STRESS MPA
RACE DISP. / Y PROJ. MM
RACE DISP. / Z PROJ. MM
RADIAL RACE DISP. MM
AXIAL RACE DISP. MM
MAX MISALIGNMENT
MISAL / MAX LOAD
LOAD ZONE
EPSILON (LZ PARAM)
MRAD
MRAD
DEG
INTERM
H CLUTCH
G37_TS8X
FILE
TRB
APEX RIGHT
-7393.
5151.
-12791.
13789.
73.2
15.9
17.4
-5.6
292.
2971.
2966.
195.
2897.
2926.
0.0080
-0.0026
0.0084
-0.0477
2.2402
1.7152
360.
1.022
242.
-276.
-917.
958.
-3.3
0.5
1.0
-0.1
253.
778.
776.
47.
1503.
1503.
-0.0579
-0.1920
0.2006
0.7557
0.6112
-0.6050
36.
0.024
-17726.
723.
16154.
16170.
-90.0
-25.3
-2.2
-5.1
87.
6672.
6660.
452.
3904.
4426.
0.0044
-0.0013
0.0046
-0.1667
4.5910
4.4559
360.
1.745
6254.
5886.
28857.
29452.
116.2
7.2
-24.8
-2.6
78.
12637.
12625.
644.
3842.
4976.
0.0617
0.3031
0.3093
1.1746
1.0693
1.0276
80.
0.117
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Table D3: SYSx Output for Second Gear Simulation
CONDITION N* 2 % USE = 3.000
BEARING POSITION ANALYSIS
INPUT INPUT INTERM INTERM
OPP. CLUTCH CLUTCH OPP. CLUTCH CLUTCH
SOURCE DATABASE DATABASE DATABASE G37_TS8X
SERIES 32005X L44600 30205 FILE
CONE PART NUMBER X32005X L44643 NP905672 ----
CUP PART NUMBER Y32005X L44610 Y30205 ----
BEARING TYPE TRB TRB TRB TRB
APEX DIRECTION APEX LEFT APEX RIGHT APEX LEFT APEX RIGHT
-- LOAD & DISPLACEMENT PARAMETERS --
AXIAL REACTION N -6919. 1036. -8725. 4128.
RADIAL / Y PROJ. N 2433. 463. 1498. 2071.
RADIAL / Z PROJ. N -5007. -4056. 7441. 19236.
RADIAL REACTION N 5567. 4083. 7590. 19347.
MOMENT / Y PROJ. N.M 47.0 -17.6 -52.7 83.4
FTETA / Y PROJ. N.M 24.6 -0.7 -22.8 10.8
MOMENT / Z PROJ. N.M 17.3 -2.1 8.4 -8.4
FTETA / Z PROJ. N.M 6.4 -0.2 2.4 -0.5
ANGLE OF REACTION DEG 296. 277. 79. 84.
MAX CUP NOMINAL LOAD N 1937. 2391. 3236. 8186.
MAX CONE NOM. LOAD N 1934. 2387. 3229. 8178.
MAX RIB NOM. LOAD N 126. 143. 219. 415.
CONE/ROLLER STRESS MPA 2621. 2370. 2970. 3188.
MAX CONE/ROLL STRESS MPA 2715. 2734. 3490. 4253.
RACE DISP. / Y PROJ. MM -0.0014 0.0253 -0.0002 0.0209
RACE DISP. / Z PROJ. MM 0.0095 -0.2122 -0.0091 0.2074
RADIAL RACE DISP. MM 0.0096 0.2137 0.0091 0.2084
AXIAL RACE DISP. MM -0.0465 0.7647 -0.0906 0.8053
MAX MISALIGNMENT MRAD 3.2706 0.5561 4.3446 1.5588
MISAL / MAX LOAD MRAD 3.2068 0.5133 4.3262 1.5489
LOAD ZONE DEG 360. 56. 360. 80.
EPSILON (LZ PARAM) 1.790 0.058 1.857 0.117
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Table D4: SYSx Output for Third Gear Simulation
CONDITION N 3 % USE = 20.000
BEARING POSITION ANALYSIS
SOURCE
SERIES
CONE PART NUMBER
CUP PART NUMBER
BEARING TYPE
APEX DIRECTION
INPUT
OPP. CLUTCH
DATABASE
32005X
X32005X
Y32005X
TRB
APEX LEFT
INPUT
CLUTCH
DATABASE
L44600
L44643
L44610
TRB
APEX RIGHT
INTERM
OPP. CLUTC
DATABASE
30205
NP905672
Y30205
TRB
APEX LEFT
INTERM
,H CLUTCH
G37_TS8X
FILE
TRB
APEX RIGHT
-- LOAD & DISPLACEMENT PARAMETERS --
AXIAL REACTION N
RADIAL / Y PROJ. N
RADIAL / Z PROJ. N
RADIAL REACTION N
MOMENT / Y PROJ. N.M
FTETA / Y PROJ. N.M
MOMENT / Z PROJ. N.M
FTETA / Z PROJ. N.M
ANGLE OF REACTION DEG
MAX CUP NOMINAL LOAD N
MAX CONE NOM. LOAD N
MAX RIB NOM. LOAD N
CONE/ROLLER STRESS MPA
MAX CONE/ROLL STRESS MPA
RACE DISP. / Y PROJ. MM
RACE DISP. / Z PROJ. MM
RADIAL RACE DISP. MM
AXIAL RACE DISP. MM
MAX MISALIGNMENT MRAD
MISAL / MAX LOAD MRAD
LOAD ZONE DEG
EPSILON (LZ PARAM)
-4902.
1669.
-3111.
3530.
33.2
19.2
12.8
5.4
298.
1327.
1324.
87.
2264.
2278.
-0.0016
0.0084
0.0085
-0.0351
2.6360
2.5722
360.
1.993
1004.
485.
-3922.
3952.
-16.8
-0.5
-2.2
-0.1
277.
2263.
2259.
135.
2284.
2552.
0.0236
-0.1953
0.1967
0.6985
0.4287
0.3384
57.
0.061
-5975.
910.
4922.
5006.
-36.1
-16.4
5.6
2.0
80.
2191.
2186.
150.
2530.
2907.
-0.0005
-0.0072
0.0072
-0.0662
3.2173
3.2107
360.
1.958
2943.
1209.
13758.
13811.
59.4
7.4
-5.0
-0.4
85.
6026.
6020.
307.
2775.
3529.
0.0124
0.1712
0.1716
0.6744
1.1117
1.0948
77.
0.109
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Table D5: SYSx Output for Fourth Gear Simulation
CONDITION N* 4 % USE = 30.500
BEARING POSITION ANALYSIS
SOURCE
SERIES
CONE PART NUMBER
CUP PART NUMBER
BEARING TYPE
APEX DIRECTION
INPUT
OPP. CLUTCH
DATABASE
32005X
X32005X
Y32005X
TRB
APEX LEFT
INPUT
CLUTCH
DATABASE
L44600
L44643
L44610
TRB
APEX RIGHT
INTERM
OPP. CLUTC
DATABASE
30205
NP905672
Y30205
TRB
APEX LEFT
INTERM
H CLUTCH
G37_TS8X
FILE
TRB
APEX RIGHT
-- LOAD & DISPLACEMENT PARAMETERS --
AXIAL REACTION
RADIAL / Y PROJ.
RADIAL / Z PROJ.
RADIAL REACTION
N
N
N
N
MOMENT / Y PROJ. N.M
FTETA / Y PROJ. N.M
MOMENT / Z PROJ. N.M
FTETA / Z PROJ. N.M
ANGLE OF REACTION DEG
MAX CUP NOMINAL LOAD N
MAX CONE NOM. LOAD N
MAX RIB NOM. LOAD N
CONE/ROLLER STRESS MPA
MAX CONE/ROLL STRESS MPA
RACE DISP. / Y PROJ. MM
RACE DISP. / Z PROJ. MM
RADIAL RACE DISP. MM
AXIAL RACE DISP. MM
MAX MISALIGNMENT MRAD
MISAL / MAX LOAD MRAD
LOAD ZONE DEG
EPSILON (LZ PARAM)
-4856.
890.
-443.
994.
12.9
10.9
8.9
4.9
334.
1037.
1035.
69.
1984.
1989.
-0.0020
0.0060
0.0063
-0.0349
1.5724
1.2157
360.
5.779
1435.
953.
-5525.
5606.
-21.9
1.1
-3.8
0.2
280.
2873.
2868.
173.
2541.
2920.
0.0277
-0.2079
0.2097
0.7087
1.1842
-0.8239
62.
0.072
-4262.
1104.
2236.
2493.
-18.9
-9.9
7.3
2.8
64.
1423.
1419.
98.
2108.
2269.
-0.0010
-0.0053
0.0054
-0.0506
2.0594
2.0268
360.
2.680
2618.
176.
12243.
12244.
49.5
3.2
-1.3
-0.7
89.
5283.
5276.
271.
2589.
3009.
-0.0003
0.1547
0.1547
0.6001
0.7646
0.4770
77.
0.109
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Table D6: SYSx Output for Fifth Gear Simulation
CONDITION N* 5 % USE = 46.000
BEARING POSITION ANALYSIS
SOURCE
SERIES
CONE PART NUMBER
CUP PART NUMBER
BEARING TYPE
APEX DIRECTION
INPUT INPUT
OPP. CLUTCH CLUTCH
DATABASE DATABASE
32005X L44600
X32005X L44643
Y32005X L44610
TRB TRB
APEX LEFT APEX RIGHT
INTERM INTERM
OPP. CLUTCH CLUTCH
DATABASE G37_TS8X
30205 FILE
NP905672 ----
Y30205 ----
TRB TRB
APEX LEFT APEX RIGHT
-- LOAD & DISPLACEMENT PARAMETERS --
AXIAL REACTION N
RADIAL / Y PROJ. N
RADIAL / Z PROJ. N
RADIAL REACTION N
MOMENT / Y PROJ. N.M
FTETA / Y PROJ. N.M
MOMENT / Z PROJ. N.M
FTETA / Z PROJ. N.M
ANGLE OF REACTION DEG
MAX CUP NOMINAL LOAD N
MAX CONE NOM. LOAD N
MAX RIB NOM. LOAD N
CONE/ROLLER STRESS MPA
MAX CONE/ROLL STRESS MPA
RACE DISP. / Y PROJ. MM
RACE DISP. / Z PROJ. MM
RADIAL RACE DISP. MM
AXIAL RACE DISP. MM
MAX MISALIGNMENT MRAD
MISAL / MAX LOAD MRAD
LOAD ZONE DEG
EPSILON (LZ PARAM)
-3455.
2583.
-6073.
6600.
12.1
-15.1
-6.2
-17.8
293.
1416.
1413.
97.
2309.
2368.
0.0138
-0.0162
0.0213
-0.0255
3.3230
-2.9976
360.
1.032
313.
-941.
808.
1240.
3.1
-0.2
3.6
-0.3
139.
911.
909.
55.
1576.
1585.
-0.1264
0.1135
0.1699
0. 6308
0.4000
-0.3985
42.
0.033
-1812.
-719.
6652.
6691.
-23.8
2.9
-2.8
0.1
96.
2521.
2514.
178.
2463.
2500.
-0.0057
0.0650
0.0652
0.1414
1.2115
-1.2080
108.
0.207
1119.
1441.
5059.
5260.
18.9
-0.2
-5.6
-0.1
74.
2374.
2368.
123.
1827.
1827.
0.0225
0.0773
0.0806
0.3101
0.1680
-0.0288
76.
0.107
75
Table D7: SYSx Output for Reverse Gear Simulation
CONDITION N* 6 % USE = 0.000
BEARING POSITION ANALYSIS
SOURCE
SERIES
CONE PART NUMBER
CUP PART NUMBER
BEARING TYPE
APEX DIRECTION
INPUT
OPP. CLUTCH
DATABASE
32005X
X32005X
Y32005X
TRB
APEX LEFT
INPUT
CLUTCH
DATABASE
L44600
L44643
L44610
TRB
APEX RIGHT
INTERM
OPP. CLUTC
DATABASE
30205
NP905672
Y30205
TRB
APEX LEFT
-- LOAD & DISPLACEMENT PARAMETERS --
AXIAL REACTION
RADIAL / Y PROJ.
RADIAL / Z PROJ.
RADIAL REACTION
MOMENT
FTETA
MOMENT
/ Y PROJ.
/ Y PROJ.
/ Z PROJ.
FTETA / Z PROJ.
ANGLE OF REACTION
MAX CUP NOMINAL LOAD
MAX CONE NOM. LOAD
MAX RIB NOM. LOAD
CONE/ROLLER STRESS
MAX CONE/ROLL STRESS
RACE DISP. / Y PROJ.
RACE DISP. / Z PROJ.
RADIAL RACE DISP.
AXIAL RACE DISP.
MAX MISALIGNMENT
MISAL / MAX LOAD
LOAD ZONE
EPSILON (LZ PARAM)
INTERM
H CLUTCH
G37_TS8X
FILE
TRB
APEX RIGHT
N
N
N
N
N.M
N.M
N.M
N.M
DEG
N
N
N
MPA
MPA
MM
MM
MM
MM
MRAD
MRAD
DEG
-2990.
9902.
1746.
10055.
-8.7
-0.9
49.6
5.3
10.
4733.
4725.
311.
3448.
3476.
0.2270
0.0394
0.2304
0.6902
1.7676
1.7675
68.
0.085
2990.
4663.
822.
4735.
6.3
2.9
-36.0
-16.6
10.
1173.
1171.
68.
2306.
3208.
-0.0105
-0.0018
0.0107
-0.0330
3.8557
3.8557
360.
1.270
-3429.
-8373.
-10251.
13236.
45.9
4.8
-38.0
-4.4
231.
7034.
7021.
480.
3829.
4371.
-0. 1922
-0.2424
0.3094
1.0483
3.4823
3.4689
72.
0.095
20369.
8361.
-28681.
29875.
-186.7
-78.4
21.6
53.2
286.
9091.
9084.
453.
3527.
5010.
0.0160
-0.0023
0.0162
-0.1757
5.0707
3.2454
360.
1.445
76
D2. Unit Bearing Test Data from Test #5
Temperature Measurements for Unit Bearing Test #5a
350
300
250
200
150
100 x
50
0
19:12:00 19:19:12 19:26:24
Figure D1: Unit Bearing and
19:33:36 19:40:48
Time of Day
Oil Flow Temperatures
[FOP _ _ * Bearing #9 Temp
3 Bearing #10 Temp
A Oil Flow In Temp
X Oil Flow Out Temp
19:48:00 19:55:12
for the first half of Test #5
The first half of Test #5 was conducted with 50% reverse gear loading. Bearing temperatures climbed until
they reached the machine shutoff limit of 300 F. At this point the test was halted and a loading schedule
without reverse gear simulation was used to continue the test.
77
E
Temperature Measurements for Unit Bearing Test 96b
250 -
200
( 150
- 100
50
0
22:55:12 23:02:24
*Bearing #3 Temp
a Bearing #10 Temp
a Oil Flow In Temp
x Oil Flow Out Temp
23:09:36 23:16:48 23:24:00 23:31:12 23:38:24 23:45:36 23:52:48
Time of Day
Figure D2: Unit Bearing and Oil Flow Temperatures for the second half of Test #5.
The tabulated data for these tests follows.
Table D8: Unit Bearing Test Data
Record Status
1389 Startup
1390 Load-up
1391 Normal
1392 Normal
1393 Normal
1394 Normal
1395 Normal
1396 Normal
1397 Normal
1398 Normal
1399 Normal
1400 Normal
1401 Normal
1402 Normal
1403 Normal
1404 Normal
1405 Normal
1406 Normal
1407 Suspend
1408 Re-start
1409 Load-up
1410 Normal
1411 Normal
1412 Normal
1413 Normal
1414 Normal
1415 Normal
1416 Normal
Time
19: 05: 17
19:05 :17
19:05:49
19:06:09
19:06:30
19:06:49
19:07:09
19:07:29
19:07:49
19:08:09
19:08:30
19:08 :50
19:09:09
19:09:29
19:09:49
19: 10:09
19:10:29
19:10:49
19:11:04
19: 12 :44
19: 12 :45
19:13:29
19:13:49
19:14:09
19: 14:30
19:14 :49
19: 15:09
19:15:29
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
Date
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
#1 #2 In Out Radial
TempTempTempTemp
(F) (F) (F) (F)
11
101
107
108
109
110
111
113
113
114
124
142
154
162
166
158
160
168
162
11
162
139
139
139
139
139
139
139
12
98
104
105
105
106
107
107
108
109
117
134
143
149
151
148
144
149
144
12
144
130
129
129
129
129
129
129
120
116
104
107
108
92
97
102
106
109
112
114
115
116
117
118
118
119
119
120
119
118
118
118
118
118
118
117
110
87
88
88
88
88
88
88
88
88
87
88
88
87
87
87
88
88
88
110
88
90
90
91
91
92
92
92
Thrust Torque
load load
(LBF) (LBF)
0 0
8 44
8 29
89 100
107 101
108 101
108 100
108 101
89 102
101 102
254 153
149 255
189 367
189 345
333 477
80 83
811 997
684 1766
678 1767
0 0
678 1767
106 102
107 102
108 100
107 99
107 101
107 101
107 100
(IN-
LBS)
0.0
2.7
14.1
19.0
20.3
20.5
20.7
20.8
20.2
20.6
32.0
32.7
40.7
39.0
51.2
17.3
108.7
2.5
2.7
0.0
2.7
18.0
18.1
17.9
18.0
18.0
17.8
17.9
78
RPM
0
4
1487
838
896
936
955
963
970
972
4575
3751
3033
2573
838
1760
717
363
39
0
39
872
923
945
954
958
962
965
Record Status Time
1417 Normal 19:15:49
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Suspend
Re-start
Load-up
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
19: 16: 09
19:16:30
19: 16: 49
19:17:10
19:17:30
19:17:49
19:18:10
19:18:30
19:18:51
19:19:05
19:24:05
19:24:06
19:24:50
19:25:10
19:25:30
19:25:50
19:26:10
19:26:30
19:26:50
19:27:10
19:27:30
19:27:50
19:28:10
19:28 :30
19:28 :50
19:29:10
19:29:30
19:29:50
19:30:10
19:30: 30
19:30:50
19:31:10
19:31:33
19:31:50
19:32:10
19:32:30
19:32 :50
19: 33 :10
19:33:30
19:33:50
19:34 :10
19:34:30
19:34:50
19:35: 10
19:35:31
19:35:50
19: 36:10
19:36:30
19: 36: 50
19: 37 :10
19:37 :30
19:37:50
19:38 :10
19:38:30
19:38:50
19: 39: 10
19:39:30
19:39: 50
19: 40: 10
19:40:30
19:40:50
19:41: 10
19:41:30
19:41:50
19:42 :10
19:42:30
19:42:50
Date
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
#1 #2 In Out Radial
TempTempTempTemp
(F) (F) (F) (F)
139
148
164
175
183
186
180
180
192
189
189
11
189
148
149
149
150
150
150
151
158
174
185
192
192
187
187
198
217
212
202
195
192
190
184
182
178
177
185
199
205
210
211
203
209
218
232
219
211
205
201
198
195
193
191
190
202
212
221
230
227
220
227
237
242
232
225
219
117
116
116
115
114
113
112
111
110
109
109
120
109
96
95
95
95
95
94
94
94
94
94
94
94
93
93
93
93
93
93
92
93
93
95
97
101
105
108
112
115
117
120
122
124
125
126
127
128
128
129
129
130
130
130
130
130
129
129
129
129
128
128
128
128
128
128
127
93
93
93
94
94
94
95
95
96
96
96
110
96
98
97
96
95
94
93
92
91
90
90
89
89
88
88
87
87
87
86
86
85
85
84
84
84
87
89
93
97
100
104
107
109
112
113
115
117
119
119
121
123
124
125
125
126
127
127
127
128
129
128
126
123
121
119
116
79
load load
(LBF) (LBF)
92 99
259 152
158 262
195 297
194 337
338 479
63 95
828 1005
699 1355
686 1497
686 1497
0 0
686 1497
101 101
107 103
108 103
108 102
108 102
108 102
108 101
258 159
148 262
208 282
195 347
337 482
75 71
827 1040
479 1274
438 1517
65 97
92 87
103 89
106 94
108 99
108 100
108 99
108 101
108 99
260 160
186 264
195 343
195 339
337 480
96 100
835 1013
482 1524
78 1425
103 104
108 100
108 99
108 99
108 102
108 100
108 99
108 102
255 100
260 154
175 253
195 340
341 482
41 140
101 98
839 1025
467 1550
69 64
103 98
106 96
107 96
(IN-
LBS)
17.6
28.7
30.5
32.9
42.1
49.9
16.4
103.1
120.9
2.8
2.8
0.0
2.8
16.7
17.0
17.0
16.9
17.1
17.0
16.9
26.9
29.2
33.5
43.5
45.6
14.9
104.0
100.7
122.3
15.9
15.7
16.0
16.4
16.6
16.6
16.4
16.6
16.4
25.9
28.7
34.1
33.9
48.1
16.2
98.2
115.4
97.8
16.2
16.0
16.0
16.0
16.1
16.0
16.0
16.0
22.4
24.3
27.2
34.9
49.6
17.4
15.9
98.2
114.4
13.1
15.6
15.8
15.6
RPM
969
4507
3779
3457
2590
831
1752
817
814
24
24
0
24
878
913
941
951
957
962
964
4333
3837
3532
2556
827
1747
890
785
1010
924
935
945
951
954
964
969
976
978
4596
3646
2679
2598
827
1789
738
954
1079
932
956
959
965
968
969
975
977
1271
4896
3626
2597
1238
1120
1813
719
971
932
940
948
954
Thrust Torque
Record Status
1485 Normal
1486 Normal
1487 Normal
1488 Normal
1489 Normal
1490 Normal
1491 Normal
1492 Normal
1493 Normal
1494 Normal
1495 Normal
1496 Normal
1497 Normal
1498 Normal
1499 Normal
1500 Normal
1501 Normal
1502 Normal
1503 Normal
1504 Normal
1505 Normal
1506 Normal
1507 Normal
1508 Normal
1509 Normal
1510 Normal
1511 Suspend
1512 Re-start
1513 Load-up
1514 Normal
1515 Normal
1516 Normal
1517 Normal
1518 Normal
1519 Normal
1520 Normal
1521 Normal
1522 Normal
1523 Normal
1524 Normal
1525 Normal
1526 Normal
1527 Normal
1528 Normal
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Time
19:43:10 16
19:43:30 16
19:43:50 16
19:44:10 16
19:44:30 16
19:44:50 16
19:45:10 16
19:45:30 16
19:45:50 16
19:46:10 16
19:46:30 16
19:46:50 16
19:47:10 16
19:47:30 16
19:47:50 16
19:48:10 16
19:48:30 16
19:48:50 16
19:49:10 16
19:49:30 16
19:49:50 16
19:50:10 16
19:50:31 16
19:50:51 16
19:51:10 16
19:51:30 16
19:51:54 16
23:03:54 16
23:03:55 16
23:04:32 16
23:04:54 16
23:05:12 16
23:05:32 16
23:05:52 16
23:06:12 16
23:06:32 16
23:06:52 16
23:07:12 16
23:07:32 16
23:07:52 16
23:08:12 16
23:08:32 16
23:08:53 16
23:09:13 16
23:09:32 16
23:09:51 16
23:10:12 16
23:10:32 16
23:10:52 16
23:11:12 16
23:11:32 16
23:11:52 16
23:12:12 16
23:12:32 16
23:12:52 16
23:13:12 16
23:13:32 16
23:13:52 16
23:14:12 16
23:14:32 16
23:14:52 16
23:15:12 16
23:15:32 16
23:15:52 16
23:16:12 16
23:16:32 16
23:16:52 16
23:17:12 16
Date
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
#1 #2 In Out Radial
TempTempTempTemp load
(F) (F) (F) (F) (LBF)
215 198 127 115 108
211 196 127 112 108
209 194 127 109 107
207 193 127 108 108
205 192 126 107 108
206 192 126 106 259
217 198 126 106 95
240 205 126 104 218
271 211 125 104 201
272 213 125 103 341
259 213 125 101 75
250 211 124 100 827
256 211 123 99 844
266 210 122 98 457
262 215 121 98 71
252 215 121 97 103
244 213 121 97 108
238 211 120 97 109
234 208 120 98 108
230 206 119 98 108
227 204 119 96 108
224 202 118 96 108
222 201 117 95 107
226 203 116 94 263
254 210 116 94 154
291 216 115 94 228
304 218 115 94 200
11 12 120 110 0
100 92 109 80 6
111 107 129 85 61
113 109 129 86 814
123 115 130 87 825
120 116 130 87 98
119 116 129 87 89
119 116 129 87 107
119 116 128 87 108
119 116 128 88 108
119 116 127 90 108
119 117 127 91 108
119 117 127 93 108
119 117 128 94 108
120 117 128 95 108
127 124 128 94 257
133 131 128 95 171
137 137 129 96 193
141 140 129 97 192
141 138 129 97 333
139 137 129 98 79
143 138 130 99 825
147 142 131 99 43
143 140 131 100 101
140 137 131 100 75
138 135 131 101 78
137 133 130 101 98
136 132 130 102 105
135 132 129 102 107
135 131 129 102 108
135 131 128 102 108
134 131 128 102 108
134 131 127 102 108
144 137 127 103 261
153 147 127 103 174
158 153 127 103 195
166 159 127 104 341
167 156 127 103 339
163 156 127 103 77
170 155 127 103 835
173 156 127 103 60
80
load
(LBF)
98
98
100
100
106
148
191
277
342
472
87
905
1010
1518
95
88
101
97
100
100
96
99
100
155
257
260
372
0
-35
108
1018
1014
99
96
98
97
98
97
100
101
101
101
147
264
281
342
499
80
993
46
99
95
93
96
97
99
100
101
101
102
159
256
351
443
479
75
995
104
(IN-
LBS)
15.7
15.8
15.8
15.6
15.9
24.6
20.9
47.8
49.1
46.1
14.6
83.4
98.6
116.7
15.5
15.1
15.8
15.2
15.4
14.9
14.8
15.1
14.7
23.6
45.4
50.2
64.9
0.0
14.9
20.7
92.0
92.1
18.6
17.2
17.9
18.0
17.7
17.8
18.0
17.8
17.5
17.6
27.9
26.6
27.3
30.0
43.9
15.8
92.8
12.7
16.1
15.3
14.9
15.6
15.7
15.8
15.8
15.9
15.8
15.9
25.1
26.8
34.4
48.5
46.6
14.9
97.7
15.3
RPM
958
961
966
970
972
3087
4691
3558
2547
869
1686
1615
764
1046
916
937
956
963
968
973
977
980
982
4571
3787
3592
2563
0
983
1689
1134
814
1177
908
939
952
958
962
966
972
976
979
4543
3745
3142
2608
842
1770
811
1024
1169
917
929
939
947
954
958
961
966
970
4877
3627
2659
2235
878
1767
734
1136
Thrust Torque
Record Status
1553 Normal
1554 Normal
1555 Normal
1556 Normal
1557 Normal
1558 Normal
1559 Normal
1560 Normal
1561 Normal
1562 Normal
1563 Normal
1564 Normal
1565 Normal
1566 Normal
1567 Normal
1568 Normal
1569 Normal
1570 Normal
1571 Suspend
1572 Re-start
1573 Load-up
1574 Normal
1575 Normal
1576 Normal
1577 Normal
1578 Normal
1579 Normal
1580 Normal
1581 Normal
1582 Normal
1583 Normal
1584 Normal
1585 Normal
1586 Normal
1587 Normal
1588 Normal
1589 Normal
1590 Normal
1591 Normal
1592 Normal
1593 Normal
1594 Normal
1595 Normal
1596 Normal
1597 Normal
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Time
23:17:32 16
23:17:52 16
23:18:12 16
23:18:32 16
23:18:52 16
23:19:12 16
23:19:32 16
23:19:52 16
23:20:12 16
23:20:32 16
23:20:52 16
23:21:12 16
23:21:32 16
23:21:52 16
23:22:12 16
23:22:32 16
23:22:52 16
23:23:12 16
23:23:23 16
23:24:35 16
23:24:36 16
23:25:12 16
23:25:32 16
23:25:52 16
23:26:12 16
23:26:32 16
23:26:52 16
23:27:12 16
23:27:32 16
23:27:52 16
23:28:13 16
23:28:32 16
23:28:53 16
23:29:12 16
23:29:32 16
23:29:52 16
23:30:12 16
23:30:32 16
23:30:52 16
23:31:12 16
23:31:32 16
23:31:52 16
23:32:12 16
23:32:32 16
23:32:52 16
23:33:12 16
23:33:32 16
23:33:52 16
23:34:12 16
23:34:32 16
23:34:52 16
23:35:12 16
23:35:33 16
23:35:53 16
23:36:13 16
23:36:33 16
23:36:52 16
23:37:13 16
23:37:32 16
23:37:52 16
23:38:12 16
23:38:32 16
23:38:52 16
23:39:12 16
23:39:32 16
23:39:52 16
23:40:12 16
23:40:33 16
Date
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
#1 #2 In Out Radial
TempTempTempTemp load
(F) (F) (F) (F) (LBF)
167 155 127 103 37
162 153 127 103 84
159 151 127 102 71
157 150 127 102 94
155 149 127 100 104
154 148 127 99 108
154 147 127 98 108
153 146 127 97 108
152 146 127 96 108
153 145 127 95 258
166 154 126 94 264
176 162 126 94 183
183 166 126 93 197
190 170 126 92 341
189 169 125 91 40
183 170 124 91 103
190 169 124 90 838
188 170 123 90 90
188 170 123 90 90
11 12 120 110 0
188 170 123 90 90
169 163 118 87 101
168 164 119 87 106
168 163 119 86 108
167 163 119 87 107
166 162 120 89 107
165 161 121 92 91
165 161 122 95 106
164 160 122 98 108
171 165 123 101 261
180 178 124 103 164
187 184 125 105 199
192 189 126 107 200
191 187 126 109 342
188 184 127 111 74
190 183 127 112 837
200 189 128 113 57
190 184 128 115 91
186 179 128 116 98
182 176 129 117 106
180 174 129 118 107
178 172 129 119 108
176 171 130 121 108
175 170 130 122 107
174 169 130 123 107
173 168 131 124 81
173 167 131 125 104
177 170 131 125 266
186 178 131 124 169
194 183 131 122 198
202 189 131 120 346
203 186 131 118 345
199 185 131 116 88
205 184 131 114 841
208 186 131 112 80
201 184 131 109 51
195 182 131 108 99
192 180 130 106 107
190 178 130 105 108
188 177 129 103 108
187 176 129 103 108
185 175 129 101 107
184 174 128 100 108
183 173 128 99 108
184 173 127 98 258
196 180 128 97 262
204 187 128 96 172
213 193 128 95 199
81
load
(LBF)
98
92
92
98
99
102
100
100
99
128
163
253
347
490
117
88
1037
88
88
0
88
107
100
96
98
98
92
105
104
149
253
343
344
489
99
1017
98
93
92
100
99
102
101
99
98
97
104
149
254
341
477
485
83
1019
82
90
96
98
97
108
105
105
99
97
152
153
256
341
(IN-
LBS)
13.9
14.6
14.6
15.3
15.8
15.8
15.6
15.5
15.4
23.0
25.6
30.7
36.9
51.1
15.9
16.1
102.0
14.8
14.8
0.0
14.8
15.7
15.1
15.1
15.1
15.3
14.2
15.2
15.4
22.8
23.8
30.1
30.9
46.2
14.6
96.6
14.3
14.4
14.3
15.2
15.0
15.3
15.1
15.0
14.9
14.0
15.0
23.4
26.0
32.7
46.7
48.4
14.8
99.0
13.8
13.8
15.1
15.5
15.4
15.9
15.7
15.9
15.5
15.3
23.6
24.0
28.2
35.8
RPM
1047
922
936
944
951
961
964
967
969
1556
4900
3621
2587
1026
1353
1808
707
1180
1180
0
1180
935
950
962
964
969
973
975
978
4649
3714
2972
2582
842
1770
756
1067
1165
914
932
949
961
966
968
972
976
978
4648
3627
2641
2172
885
1780
728
1158
974
925
945
959
965
970
971
975
978
1586
4917
3615
2584
Thrust Torque
Record Status
1621 Normal
1622 Normal
1623 Normal
1624 Normal
1625 Normal
1626 Normal
1627 Normal
1628 Normal
1629 Normal
1630 Normal
1631 Normal
1632 Normal
1633 Normal
1634 Normal
1635 Normal
1636 Suspend
Time
23:40:52
23:41:12
23:41:32
23:41:52
23:42:12
23: 42:32
23:42:52
23:43:12
23:43:32
23:43:53
23:44:13
23:44:32
23:44:52
23:45:12
23:45:32
23:45:55
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
16
Date
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
Dec 1998
#1 #2 In Out Radial
TempTempTempTemp~
(F) (F) (F) (F)
219
217
211
219
216
209
205
201
199
197
195
194
193
192
196
207
196
195
194
194
195
192
190
188
186
184
183
182
181
180
182
188
128
129
129
129
129
129
129
129
129
128
128
127
125
124
123
122
95
94
94
93
93
93
92
92
92
92
92
93
94
95
94
94
82
load
(LBF)
346
54
101
842
76
68
94
103
83
106
108
108
108
108
264
16
load
(LBF)
497
-5
103
1029
100
93
92
94
97
100
102
99
99
100
149
16
(IN-
LBS)
49.5
9.5
16.3
100.9
14.6
14.5
14.7
15.1
14.8
15.5
15.6
15.5
15.2
15.2
24.2
8.0
RPM
979
1434
1786
720
1163
923
925
937
946
957
963
969
972
976
3552
4610
Thrust Torque
